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ABSTRACT 
 
 
  Iron-sulfur clusters are critical cofactors in living organisms.  They are 
synthesized using complex biosynthetic machinery that has evolved to control the 
reactivity of iron and sulfide and to appropriately target clusters to apo-proteins.  In 
some bacteria and in the mitochondria of eukaryotes, iron-sulfur clusters are synthesized 
by the ISC machinery, consisting of a core complex of IscS (a cysteine desulfurase that 
produces persulfides) and IscU (a scaffold protein that assembles iron and persulfides to 
form clusters).  The in vitro study of cluster transfer has been hampered by the lack of 
sufficient methods to investigate the kinetics of these processes.  We have developed 
fluorescently labeled iron-sulfur cluster binding proteins that are sensitive to bound iron-
sulfur clusters.  The ability of these probes to sense only bound cluster in complex 
mixtures with multiple proteins was demonstrated by monitoring the DTT-dependent 
cluster exchange between identical ferredoxin proteins. 
 We then applied this methodology to try to understand the role of the monothiol 
glutaredoxins in Fe-S cluster transfer.  The monothiol glutaredoxins are thought to 
function as intermediate cluster carriers, carrying clusters from IscU to apo-target 
proteins in the cell. We demonstrate IscS:IscU dependent cluster transfer to the E. coli 
monothiol glutaredoxin, Grx4 and then demonstrate the ability of holo-Grx4 to transfer 
clusters to different [2Fe-2S] containing proteins.  Finally, we use kinetic modeling to 
demonstrate the ability of Grx4 to function as an intermediate carrier to terminal target 
 iii 
proteins. 
 Finally, we use the fluorescent labeling method to study the function of the dithiol 
glutaredoxins (Grx1 and Grx3) from E. coli.  These proteins are less well understood, 
appearing to promote cell survival to toxins, although some studies suggest that they 
may function in Fe-S cluster transfer as well.  We demonstrate that cluster transfer to 
Grx1 and Grx3 is highly sensitive to glutathione concentration and may function 
upstream of Grx4 under certain conditions.  We also demonstrate that although Grx3 can 
transfer clusters to apo-target proteins, these terminal target proteins outcompete Grx3 
for IscU bound cluster in combined reaction mixtures. Altogether, these studies 
demonstrate the utility of the newly developed fluorescent assays to address questions in 
Fe-S cluster trafficking. 
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CHAPTER I  
INTRODUCTION 
 
 Iron-sulfur clusters are very important biological cofactors that play a wide 
variety of functional roles throughout biology (1).  They are believed to be among the 
earliest cofactors used in evolutionary history, evolving well before the great oxidation 
event (2).  The prevalence of iron and sulfur on earth suggests that iron-sulfur minerals 
may have been present in abundance.  Thus it is not too surprising that early proteins 
may have evolved to bind and utilize these early materials. 
 Today iron-sulfur clusters can be found in nearly every organism on earth.  
Unlike in early evolutionary history, soluble iron is not readily available to organisms 
due to the lack of solubility of Fe3+.  Sulfur is now primarily found as oxidized species 
as well and additionally must be tightly controlled due to the role of sulfide in cell 
signaling and its toxic effects at high concentrations (3).  In order to accommodate these 
limitations, at least four distinct systems of complex biosynthetic machinery have 
evolved to create iron-sulfur clusters and insert them into their correct target proteins (4-
10).  Despite considerable study of these systems, many questions remain regarding the 
mechanism of cluster biosynthesis and transfer. 
Iron-sulfur clusters 
 Iron-sulfur clusters are composed of alternating ferric or ferrous ions and sulfide 
ions.  They can occur in a variety of different forms, each of which has different 
properties and functions (Figure 1-1).  The most common forms are the [2Fe-2S] cluster  
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Figure 1-1.  Iron-sulfur clusters in nature.  Orange spheres represent iron ions 
and yellow are sulfides.  The small blue sphere in the Mo-Fe-S-Carbide is a 
molybdenum ion and the green center ion is a carbide.  The green spheres in the 
CODH/ACS structures are nickel ions and the grey sphere is a zinc.  Coordinating 
cysteine ligands are shown. 
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and the [4Fe-4S] cluster, although several other types of clusters with varied numbers of 
iron and sulfide, alternate geometries, and different metals are well known and 
characterized (1).  These clusters are typically bound to the protein via the iron atoms 
with cysteine ligands, although other residues are also known to ligate clusters in 
specific instances (11). 
 Iron-sulfur clusters play numerous roles in biology.  Perhaps their most well 
known function is serving as electron carrier cofactors in proteins.  For instance, the 
mitochondrial electron transport chain utilizes several iron-sulfur clusters to transport 
electrons from NADH to the oxygen reductase complex (12-14).  Many other redox 
enzymes are known to pair with a ferredoxin, an iron sulfur cluster-containing protein, 
whose sole role is to provide a route for electrons to enter the enzyme, thereby providing 
reducing equivalents for chemical reactions (15). 
 In other cases iron-sulfur clusters are more intimately involved in chemical 
reactions. [4Fe-4S] clusters are well established to function with S-adenosylmethionine 
to catalyze a plethora of reactions throughout the radical SAM superfamily (16).  In 
other cases, such as in aconitase and L-serine dehydratase, clusters simply ligate 
substrates and serve as a component of the enzyme binding site (17, 18).  In more 
complex enzymes, modified iron-sulfur clusters are essential cofactors for the reduction 
of protons to form hydrogen gas in hydrogenases (19, 20), serve as crucial cofactors for 
the reduction of dinitrogen to ammonia in nitrogenase (20, 21), and allow for the 
assimilation of carbon monoxide into metabolism in carbon monoxide dehydrogenase 
(22, 23).  
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 Iron-sulfur clusters can play non-catalytic roles as well.  Several regulatory 
proteins such as IscR, SoxR, Aft1, and Fnr bind an iron-sulfur cluster that they use to 
regulate DNA binding and transcriptional responses (24, 25).  These proteins are used to 
regulate iron-sulfur cluster biosynthesis, general iron metabolism, and cellular 
respornses to oxidative stress.  Intruigingly, these regulators can be bi-functional (as is 
the case with IscR), allowing for the repression of cluster biosynthesis when clusters are 
present in abundance, and the induction of stress response genes under conditions of 
oxidative stress (26).  Additionally, proteins involved in DNA repair, such as XPD 
helicase, have been shown to contain iron-sulfur clusters, and there is considerable 
evidence that these proteins utilize their clusters to sense DNA damage from 
considerable distances by utilizing the ability of undamaged DNA to conduct 
electricity(27, 28).  Still other proteins are known to bind clusters with as of yet 
unknown function.  For instance, it has recently been shown that some DNA 
polymerases contains an iron-sulfur cluster, and some RNA polymerases have been 
shown to bind clusters as well(29, 30).  It’s possible that these clusters play purely 
structural roles in these proteins, but perhaps unanticipated functions will be elucidated 
for these clusters in years to come. 
Types of iron-sulfur clusters 
 The simplest type of iron-sulfur cluster is the [2Fe-2S] cluster.  This type of 
cluster, though much simpler than other clusters, is present in relatively low abundance 
in cells(31).  [2Fe-2S] clusters function almost exclusively in electron transfer, with two 
different ligation environments being commonly found.  In most cases, [2Fe-2S] clusters 
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exist in two oxidation states, +2 and +1 (counting the charges of the iron and sulfide 
atoms alone, ignoring charge from coordinating residues), though a 0 charge state has 
been observed in vitro under extreme reducing conditions(32).  In [2Fe-2S] cluster 
ferredoxins, the clusters are ligated to the protein by four cysteine residues.  These 
proteins have a redox potential of -150 to -450 mV (NHE) which makes them perfect 
electron conduits from NADH to their destination proteins(33). 
Another class of common [2Fe-2S] cluster proteins are the Rieske proteins.  In 
these proteins, one of the iron ions is bound to the protein by two cysteine residues and 
the other is bound by two histidine residues(34, 35).  The loss of the negatively charged 
cysteines and their replacement with neutral histidine residues stabilizes the reduced 
form of the cluster relative to its oxidized form, resulting in a substantial increase in the 
redox potential to -100 to +400 mV(33).  Additionally, due to the dual histidine ligation, 
the redox potential of Rieske proteins varies dramatically with pH(36).  It has been 
demonstrated that this is due to protonation of the ligating histidines, and furthermore, it 
has been suggested that these histidine ligands can function in proton coupled electron 
transfer processes(11). 
The most common type of cluster (at least in yeast) is the [4Fe-4S] cluster(31).  
These clusters are cuboid in structure, with iron and sulfide ions alternating at the 
corners.  Thus each iron is bound to three sulfide ions in the cluster, with the fourth 
ligand coming from an amino acid side-chain or a substrate/cofactor.  These clusters are 
much more versatile than [2Fe-2S] clusters.  In nature, depending on the ligation 
environment, a [4Fe-4S] cluster on a given protein can exist in up to three of four 
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different possible oxidation states (0, +1, +2, and +3).  Most [4Fe-4S] clusters only use 
the +2 and +1 oxidation states, with this redox couple typically having a potential of -
150 to -700 mV(33).  Specialized clusters called HiPIPs (High potential iron-sulfur 
proteins) utilize the +3 and +2 oxidation states with a redox potential of +100 to +400 
mV(33).  In perhaps the most extreme example of a [4Fe-4S] cluster, the iron protein of 
the nitrogenase complex is able to access the 0, +1, and +2 oxidation states, allowing it 
to possibly pump two electrons simultaneously into the core of the enzyme(37).  
Additionally, closely related [3Fe-4S] and [4Fe-3S] clusters have been found in a few 
proteins(15, 38).  These clusters are thought to function primarily in electron transfer 
reactions. 
Much more complex clusters than these are known to exist in nature.  In carbon 
monoxide dehydrogenase, clusters are coupled with nickel ions to produce an electronic 
system with the remarkable ability to reduce CO to form acetate(39).  In another 
example, iron-iron hydrogenases couple a [4Fe-4S] cluster with two additional irons, a 
dithiolate bridge, and carbon monoxide and cyanide ligands(20).  This cluster converts 
protons and electrons to hydrogen gas in order to regenerate NAD+ in anaerobic 
organisms.  The true Fe-S cluster royalty resides in the enzyme nitrogenase.  The core 
subunits contain two unique clusters, the P-cluster and the Mo-Fe-S cluster(21).  The P-
cluster resembles 2-[4Fe-4S] clusters fused together via a common sulfide ion, resulting 
in an [8Fe-7S] cluster.  The Mo-Fe-S cluster contains one Mo ion, seven irons, 9 
sulfides, a molecule of homocitrate, and a carbide(21, 40).  This super-cluster is believed 
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to catalyze the cleavage of the triple bond in dinitrogen, an extremely difficult but 
critical reaction in nature. 
Cluster biosynthesis 
 Iron-sulfur minerals form quite readily from iron and sulfide ions and can take on 
numerous forms(41).  Early in evolution, it is quite possible that some proteins possessed 
the ability to bind to these minerals or fragments of them(33).  Later in evolutionary 
history, iron became considerably less available due the formation of iron oxides and 
sulfide would have been oxidized to form sulfates, thus limiting the ability of iron-
sulfide to form.  Furthermore, as proteins containing clusters began to evolve to serve a 
necessary functional purpose, a requirement for a specific type of cluster would likely 
have developed as evidenced by the varied properties of different cluster types. 
Inorganic chemistry has provided clues as to how early cluster biosynthesis may 
have occurred.  Using small molecule thiol compounds as ligands, stable [2Fe-2S] 
clusters can be generated from ferric iron and sulfide(42).  Upon the addition of a 
reducing agent, these clusters can couple to form [4Fe-4S] clusters(43).  Additionally, 
the second sphere of ligands around the cluster plays a key role in stabilizing [4Fe-4S] 
clusters in aqueous environments (44-46).  This type of synthesis, while effective, has 
certain limitations.  It doesn’t allow for regulation of cluster biosynthesis, it requires free 
iron and sulfide (which are both rare and toxic species),  it has the potential to produce a 
variety of alternate cluster/mineral products, and the produced clusters are typically not 
very stable in aqueous environments.  To circumvent these problems, nature has evolved 
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several different enzymatic approaches to both produce and insert iron-sulfur clusters 
into target proteins. 
At least four distinct systems from cluster biosynthesis have evolved to present 
day, the NIF, SUF, CIA, and ISC systems.  The NIF system is the most specialized, 
producing iron-sulfur clusters specifically for nitrogenase(47).  The SUF system is able 
to build clusters for more proteins and appears to have to ability to function under 
conditions of oxidative stress(48).  It is found in the chloroplasts of plants and appears to 
be a secondary system in E. coli where it functions under stress conditions(4).  The CIA 
pathway functions in the eukaryotic cytosol(49).  It receives an unknown species from 
the mitochondrial ISC cluster biosynthetic machinery and uses it to produce numerous 
cytosolic clusters(50).  The ISC system, like the SUF system, is able to build clusters for 
many targets.  It is the main cluster biosysnthesis system in E. coli(26).  Also, it is the 
only system present in human mitochondria, where it produces all of the clusters for the 
mitochondria and the cytosol/nucleus (via the CIA pathway).  At their most basic level, 
the systems are quite similar, containing a cysteine desulfurase enzyme that produces 
persulfide species from cysteine as well as a scaffold protein that assembles the iron and 
sulfur ions to form a cluster (Figure 1-2) (51).  The balanced equation (shown below) for 
cluster biosynthesis shows a requirement for cysteine, ferrous iron, and two electrons.  
The source of the iron and electrons remains controversial. 
2 L-Cysteine + 2 Fe2+ + 2 e- ! [2Fe-2S]2+ + 2 L-Alanine 
These biosynthetic systems are essential in their host organisms, reflecting the 
lack of alternate chemo-synthetic means of building iron-sulfur clusters.  Knockouts of 
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Figure 1-2.  Operon structure of Fe-S biosynthetic systems.  NIF, ISC, and 
SUF operons are shown for Azotobacter vinelandii (Av), Escherichia coli (Ec), 
and Thermotoga maritima (Tm).  Cysteine desulfurases are indicated by solid 
gray genes.  U-type scaffold proteins/domains are indicated by white genes.  
Reproduced with permission from Bandyopadhyay S, Chandramouli K, Johnson 
MK. 2008.  Biochem. Soc. Trans. 36 (Pt 6), 1112-9.  © The Biochemical Society. 
the core genes in cluster biosynthesis are usually lethal to the organism, except in cases 
where there are multiple cluster biosynthetic systems present (ex.  E. coli has both the 
ISC and SUF systems; knockouts in one system are not lethal)(52-55).  These core genes 
include the cysteine desulfurase and the scaffold protein as well as certain other genes 
that are specific for the three different systems.  Additionally, defects in several other 
genes that are involved in cluster biosynthesis and transfer are associated with diseases 
in humans(49, 56, 57).  These diseases often have deleterious affects on neuromuscular 
function, consistent with defects in the electron transport chain in the mitochondria 
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(which contains numerous iron-sulfur clusters).  It is quite clear that these biosynthetic 
systems are essential for proper growth of organisms. 
ISC system components 
 The ISC cluster biosynthetic system has received the most attention due to its 
primary role in E. coli as well as its importance in humans.  In E. coli, most of the 
required genes occur in a single operon(6).  The operon contains genes for IscS, IscU, 
HscA, HscB, IscA, Fdx, IscR, and IscX (Figure 1-2).  The operon was originally 
discovered in Azotobacter vinelandii when it was revealed that the organism still 
retained cysteine desulfurase activity even with a knockout of the known NIF cysteine 
desulfurase, NifS(6).  Purification and sequence analysis of the alternate cysteine 
desulfurase enzyme followed by DNA hybridization analysis against a genomic library 
from A. vinelandii revealed the ISC operon.  The IscS gene name was assigned to the 
cysteine desulfurase (Figure 1-3).  HscA and HscB constitute a chaperone/co-chaperone 
pair(58).  IscU has been shown to function as a scaffold protein(59).  IscA has been 
proposed to function as an iron-donor, a transfer protein, or as an alternate scaffold(60-
63).  Fdx is a [2Fe-2S] ferredoxin and is believed to function as an electron donor for 
cluster assembly(64).  IscR regulates transcription of the ISC operon and related operons 
by binding an Fe-S cluster, thereby sensing cellular iron-sulfur cluster availability as 
well as oxidative stress(26).  Finally, IscX is a mysterious protein that has been 
suggested to function as an iron-donor or regulatory protein(65, 66).  Later it was 
revealed that other components were necessary for iron-sulfur cluster biosynthesis.  
Monothiol glutaredoxins and NfuA are thought to function in cluster transfer to apo-
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target proteins(67, 68).  Frataxin is another protein that is crucial for cluster biosynthesis, 
with gene knockouts resulting in embryonic lethality in mice and plants (69, 70).  It has 
 
Figure 1-3.  Model for ISC iron-sulfur cluster biosynthesis and transfer.  A 
[2Fe-2S] cluster is synthesized on a dimer of IscU by a complex of IscS and IscU 
using cysteine, ferrous iron, and reducing equivalents.  A variety of proposed 
pathways lead to the formation and transfer of [4Fe-4S] clusters.  [2Fe-2S] 
clusters may be transferred to apo-target proteins by a number of intermediate 
carriers, some of which are believed to impart specificity to the transfer process. 
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been shown to be required for cluster biosynthesis, and has been proposed to function as 
an iron donor or regulatory protein(71-73). 
 The cysteine desulfurase enzyme in the ISC system is IscS.  It is a pyridoxal-5-
phosphate-dependent enzyme that catalyzes the conversion of cysteine to alanine, 
forming a persulfide species on a cysteine residue that is on a mobile loop near the active 
site(74).  IscS functions as a dimer and has been shown to bind to numerous components 
(IscU, frataxin, Fdx, HscB, and IscX) of the ISC system, forming a large complex that 
assembles iron-sulfur clusters(64, 66, 75-77).  The persulfide that is generated on IscS 
can be transferred to a variety of proteins in the cell, or in in vitro assays, can be cleaved 
by reductants such as DTT(74, 78, 79).  This competition between productive sulfur 
transfer and persulfide cleavage is a major problem plaguing the in vitro study of this 
system (Figure 1-4). 
 IscU is the scaffold protein for the ISC system.  It has been shown to bind to IscS 
in the vicinity of the mobile loop cysteine that carries the persulfide species(80-82).  
IscU was originally shown to accelerate cluster formation on ferredoxin in a chemical 
reconstituion reaction, using iron and sulfide as substrates(83).  The protein contains 
four promixal conserved cysteine residues, three of which are on the surface and are 
known to be involved in cluster binding(84-86).  The fourth cysteine has been 
demonstrated to be required for cluster formation as well and is the site of persulfide 
transfer from IscS to IscU(84, 85).  The identity of the fourth ligand to the cluster 
remains debatable with proposals including a neighboring histidine or aspartate residue 
on IscU or a cysteine from IscS(80, 87).  IscU is also known to bind metals, including 
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Figure 1-4.  Sulfur utilization by IscS.  IscS reacts with cysteine to produce a 
persulfide species that can be transferred to several proteins.  DTT is capable of 
cleaving persulfides, resulting in the formation of bisulfide.  In the presence of 
iron, this material can form iron-sulfur mineral species. 
iron, with micromolar affinity(88).  A complex between the cysteine desulfurase of 
humans and IscU was recently shown to bind one iron in a stable complex(89).  This 
question of whether the iron or the sulfur is first transferred to IscU for cluster synthesis 
remains a matter of debate in the field.  Additionally, IscU complexed with IscS can 
build iron-sulfur clusters on itself in the presence of iron and cysteine, and a crystal 
structure of this holo-IscS/IscU complex has been obtained (80).  Furthermore, IscU-
bound clusters can be transferred to apo-target proteins (85, 90-92).  Taken together 
these data suggest that IscU functions as the primary scaffold protein for the ISC 
assembly system. 
 The chaperone protein HscA and its cochaperone HscB are essential genes for 
cluster biosynthesis(55).  HscA has ATPase activity that it presumably uses to help 
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proteins accept iron-sulfur clusters(58).  HscB is known to associate with both HscA and 
IscU.  HscA and IscU also have the ability to interact independent of HscB(93, 94).  
Additionally, interactions between IscS and HscB as well as IscA and HscA are known 
(77, 95).  Curiously, IscS binding HscB appears to prevent IscU binding to IscS, 
suggesting that the complex likely undergoes changes in quarternary structure during 
catalysis(77).  The purpose of these numerous interactions and the function of their 
dynamics during catalysis remains unclear.  There is considerable evidence that these 
proteins function during cluster transfer, though the mechanistic details of their role 
remain mysterious. 
 Another important protein for cluster biosynthesis is a [2Fe-2S] ferredoxin (Fdx) 
that is located within the ISC operon.  This protein is capable of carrying out one-
electron redox processes.  Fdx is an essential component of the ISC system and has long 
been presumed to be involved in catalysis since the balanced chemical reaction for 
cluster biosynthesis requires two electrons to generate a single [2Fe-2S] cluster(55).  
Utilizing Fdx in this process seems to be ideal since its inclusion would eliminate the 
need for a thiol reductant to cleave persulfide intermediates, which might allow for 
sulfide to escape the assembly complex.  If ferredoxin functions as an electron donor for 
cluster biosynthesis, the mechanism would have to invoke simultaneous electron transfer 
from ferrous iron and ferredoxin to cleave the persulfide intermediates or alternatively 
persulfide radical intermediates.  Evidence for its role in cluster biosynthesis has been 
provided by an experiment that demonstrated oxidation of reduced ferredoxin in the 
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presence of IscS and cysteine(64).  This led the authors to favor a model in which a 
persulfide radical formed, since the reaction did not include exogenous iron.  
 The association of ferredoxin with other proteins has been quite controversial.  
Both ferredoxin and IscU have been shown to independently bind to IscS(64, 75, 96, 
97).  Recent NMR data shows that the conformation of IscU was perturbed when 
ferredoxin was added to a solution of IscS-complexed IscU(64).  This perturbation was 
consistent with IscU dissociating from the IscS assembly complex.  However, this data 
could also be interpreted as an Fdx induced conformational change in IscU upon 
formation of a ternary complex.  Furthermore, competition between ferredoxin and IscU 
appears to be inconsistent with the role of ferredoxin in cluster biosynthesis. 
 Still other components of the ISC cluster biosynthetic pathway are known.  
Among the most prevalent in the literature is frataxin (bacterial homolog is CyaY).  In 
humans, defects in frataxin are the cause of the neurodegenerative disease Freidreich's 
ataxia(98).  This disease is associated with defects in cluster biosynthesis and formation 
of iron aggregates in the mitochondria(99).  In bacteria, CyaY has been shown to bind 
IscS, although the cyaY gene is not encoded in the ISC operon (75, 100).  Additionally, 
it has modest µM iron binding affinity, and has been proposed to be an iron donor for 
cluster biosynthesis(72, 101).  Seemingly conflicting studies suggest that frataxin 
functions as an allosteric activator in eukaryotes and as an inhibitor in prokaryotes, 
though this difference was later shown to be due to differences in the eukaryotic and 
prokaryotic cysteine desulfurases(100).  Recent studies suggest that these observations 
of activation and inhibition may require reinterpretation, since the measured iron-sulfur 
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cluster assembly assays likely included non-productive Fe-S solution chemistry in 
addition to cluster biosynthesis, greatly complicating data analysis(102).  Additionally, 
the interaction of CyaY with various components of cluster biosynthesis has been 
controversial.  Kinetic and Biolayer interferometry binding experiments suggest that 
CyaY binding to IscS is enhanced by the presence of IscU, indicating a larger ternary 
complex(75, 103).  Recent NMR studies, on the other hand, suggest that IscU and CyaY 
compete for binding based on changes in the IscU conformation upon CyaY 
addition(64).  Another puzzling binding observation is that CyaY and Fdx appear to 
compete for binding to IscS(64, 104).  This observation greatly complicates our 
mechanistic understanding of cluster biosynthesis since both CyaY and Fdx appear to be 
critical components for cluster biosynthesis.  Finally, there is some evidence that frataxin 
is involved in cluster transfer since HscA and frataxin appear to be evolutionarily 
linked(105). 
 IscX is a mysterious protein encoded in the ISC operon of E. coli, but it is not 
well conserved, even within prokaryotes.  Studies have shown that IscX can bind iron 
and that it binds to IscS with weak affinity(65, 66).  Recent studies have shown that IscX 
regulates cluster biosynthesis, appearing to function as an inhibitor, seemingly in conflict 
with its proposed role as an iron donor(65). 
Another important group of proteins are the glutaredoxins (Grx’s).  These 
proteins have been shown to function in two-electron transfer processes, having the 
ability to activate enzymes such as ribonucleotide reductase or glutithionylated 
proteins(67).  Interestingly, they also have the ability to bind clusters (primarily [2Fe-
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2S]) , in a process that conflicts with their electron transfer role(106).  In the holo-form 
of these proteins, the [2Fe-2S] cluster is bound to two monomers of glutaredoxin(107).  
 
Figure 1-5.  Structures of monothiol and dithiol glutaredoxins.  (A)  E. coli 
monothiol glutaredoxin Grx4.  (B)  Human dithiol glutaredoxin, Grx2.  The 
structures are oriented so that their [2Fe-2S] clusters are similarly aligned.  GSH 
ligands and active site cysteine residues are shown. 
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Each monomer provides one cysteine ligand to opposite Fe atoms (the same cysteine that 
is involved in thiol reduction).  The other two ligands are 2 molecules of glutathione 
(GSH) that are non-covalently bound to the complex.  Two varieties of Grx’s are known, 
the monothiol Grx’s and the dithiol Grx’s(67).  These names refer to the number of 
cysteine residues found at the GSSG reduction site/cluster binding site.  Both classes are 
capable of binding clusters, albeit with different dimerization geometries (Figure 1-5) 
(108).  Additionally, the classes appear to have different functions, with the monothiol 
Grx’s functioning in cluster transfer and the dithiol Grx’s perhaps functioning in sensing 
or resistance to oxidative stress(67, 92, 106). 
 Two other proteins have been proposed to function specifically in the formation 
of [4Fe-4S] clusters.  While IscU has been shown to be able to form [4Fe-4S] clusters in 
vitro, knockout studies have implicated IscA and NfuA as being important for [4Fe-4S] 
cluster formation in vivo(109-111).  Additionally, these proteins have been shown to 
bind to [2Fe-2S] clusters and [4Fe-4S] clusters(68, 111, 112).  In addition, the ability of 
IscA to bind iron appears to be critical for its function, indicating that it may bind 
mononuclear iron and function in repair of [4Fe-4S] clusters or iron donation to a 
preformed [2Fe-4S] cluster intermediate(62, 113, 114).  Furthermore, both IscA and 
NfuA have been shown to be able to transfer their clusters to apo target proteins(68, 
112).  Importantly, despite the ability of IscA to form a cluster in the presence of IscS, 
iron, and cysteine, there is no evidence for an interaction between IscA and IscS, 
suggesting that IscA is not a scaffold and is likely involved in downstream cluster 
transfer processes(60, 95). 
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Cluster transfer 
 Iron-sulfur cluster transfer presents a unique challenge in biology.  Iron-sulfur 
cluster proteins can have widely varied protein folds and ligating residues that often 
resemble the binding sites for other physiological metals.  The same could be said for 
other metallocofactors such as zinc and copper as well.  However, iron-sulfur clusters 
are unique because they cannot exist as free species and the fact that organisms can rely 
on a single system to insert clusters into multiple types of cellular targets(42, 52, 54, 55).  
The ability of this machinery to do its job given these strict requirements is truly 
remarkable. 
 The mysteries of cluster transfer begin at the very beginning (Figure 1-3).  The 
nature of the initial cluster source is still controversial.  IscU appears to be the primary 
scaffold protein that assembles the initial cluster, based on its ability to catalyze cluster 
formation of apo-proteins, its ability to form a cluster on itself from IscS/cysteine/Fe, 
and the observation that it binds IscS near the mobile loop cysteine(59, 83).  Different 
groups disagree about whether the synthesis of the cluster occurs in complex with IscS 
or as a ping-pong type reaction with alternating Fdx and IscU binding(64, 104).  Most 
groups then agree that IscU must dissociate from IscS in order to carry out transfer, 
based on data that suggests that the chaperones are unable to bind IscU when it is 
complexed with IscS(77).  In vitro studies have suggested that [2Fe-2S] IscU dimerizes 
with another monomer of IscU(59).  This species can then accept a second [2Fe-2S] 
cluster as well(59).  IscU has been shown to interact with the chaperone proteins HscA 
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and HscB, with the ternary complex stimulating the ATPase activity of HscA 
dramatically(115).  Holo-[2Fe-2S]-IscU has been shown to be able to transfer its cluster 
to both Fdx and a monothiol glutaredoxin(90, 92).  In the presence of HscA, HscB, and 
ATP these transfer rates increase by 10-1000 fold, suggesting that this holo-IscU species 
is physiologically relevant(90, 92).  Seemingly in conflict with this observation, a recent 
paper suggests that in vivo HscB is only required for transfer of clusters to proteins 
containing a semi-conserved LYR motif(116).  However, neither glutaredoxin nor Fdx 
(the proteins that have shown chaperone enhancement in in vitro cluster transfer assays) 
contain a LYR motif.  Recent studies by our group question this model by showing that 
IscS complexed IscU can transfer clusters to ferredoxin faster than uncomplexed [2Fe-
2S]-IscU(102).  This suggests that holo-IscU apart from the complex may not be the 
actual cluster donor.  Furthermore, a recent crystal structure showing a complex between 
holo-IscU and IscS was determined, showing that a cysteine on IscS can serve as a 
cluster ligand(80).  This adds additional support for an IscS/IscU/[2Fe-2S] complex 
being the biologically relevant transfer species. 
 Adding another layer of complication is the observation that in vitro IscU can 
reductively couple two [2Fe-2S] clusters to form a [4Fe-4S] cluster(91).  This species 
forms most readily with non-physiological reductants such as dithionite, although it can 
be formed in lower yields with the aid of electrons from a reduced ferredoxin.  
Furthermore, it has been shown that the [4Fe-4S] cluster on IscU can transfer rapidly to 
apo-aconitase in a chaperone independent fashion(117).  This rapid transfer suggests that 
IscU may be capable of forming [4Fe-4S] clusters for proteins in vivo. 
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 Monothiol glutaredoxins have been implicated in cluster transfer processes 
downstream of IscU.  [2Fe-2S] clusters from IscU can be transferred to glutaredoxin in a 
chaperone dependent process(92).  In addition, a [2Fe-2S] cluster on glutaredoxin can be 
transferred to ferredoxin in the presence of DTT, in a chaperone independent 
process(92).  The overall rate of chaperone assisted cluster transfer to ferredoxin passing 
through glutaredoxin appears to be faster than transfer to ferredoxin alone(92).  It is 
worth noting that these studies use DTT in two out of the three kinetic reactions and that 
they utilize [2Fe-2S] IscU as a cluster source.  Furthermore, no transfer reaction has ever 
been carried out in the presence of both glutaredoxin and ferredoxin, and their 
concentrations were never varied in the available kinetic studies.  As a result, their 
ability to compete for the cluster remains entirely unknown.  Additionally, the dithiol 
glutaredoxins have been shown to be capable of transferring their clusters to ferredoxin 
in the presence of DTT(118).  Transfer of clusters from either monothiol or dithiol 
glutaredoxins appears to be inhibited by GSH (in the presence of DTT), suggesting that 
GSH may compete with DTT for the cluster(118).  In vivo data suggests that the dithiol 
glutaredoxins are not as important for cluster biosynthesis, despite their known cluster 
binding and transfer ability(67, 119).  Instead they appear to affect cellular sensitivity to 
oxidative stress with little data supporting specific effects on Fe-S cluster metabolism 
(67). 
 Additionally, monothiol glutaredoxins are known to form cluster heterodimers 
with other proteins such as BolA/Fra2(120, 121).  The role of these heterodimeric cluster 
species is still mysterious although in vivo data suggests that these heterocomplexes do 
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form and are important for cellular regulation of iron metabolism(25, 122).  BolA-Grx 
cluster complexes have different ligands, spectroscopic characteristics, and cluster 
stabilities relative to Grx-Grx complexes (123-125).  BolA has been shown to impact 
cellular redox potential, and together with Grx may function as a regulatory 
protein(122).  Additionally, when glutaredoxin complexes with Fra2, the complex is able 
to transfer clusters to Aft1/2, a regulatory protein that controls eukaryotic iron 
metabolism(25). Whether glutaredoxins function in regulation, transfer, or both remains 
to be determined. 
 Another putative intermediate carrier encompasses a family of proteins known as 
the A-type proteins.  Among them are IscA, NfuA, and SufA.  These proteins have been 
shown to accept [2Fe-2S] clusters from IscU, either directly or indirectly (via Grx or 
NfuA), in a DTT dependent fashion(68, 112, 125).  IscA can reductively couple two 
[2Fe-2S] clusters to form a [4Fe-4S] cluster(112).  Knockout studies of IscA 
demonstrate that [4Fe-4S] cluster containing proteins are impaired relative to [2Fe-2S] 
cluster proteins (109, 110).  This suggests that IscA is involved in maturation of [4Fe-
4S] clusters.  Puzzling though, are in vitro data that demonstrate the ability of IscA to 
transfer either a [2Fe-2S] cluster or a [4Fe-4S] cluster to the appropriate target 
proteins(61, 83, 112).  This at the surface seems to conflict with a model whereby the 
[2Fe-2S] clusters are stored to synthesize a [4Fe-4S] cluster.  Importantly, both of these 
types of transfer reactions were carried out in the presence of DTT. 
 Additional factors are required for certain cluster types.  A protein, Ind1 was 
recently shown to be required for cluster biosynthesis specifically in complex I of the 
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electron transport chain(126).  Atm1 is an ATP dependent transporter found in the 
mitochondrial membrane that is required to export clusters or cluster precursors to the 
cytosol, thereby linking the ISC and CIA biosynthetic machinery.  Other specific 
targeting factors are known as well.  For instance, Fra2 can form heterodimers with 
glutaredoxin to target clusters specifically to nuclear regulatory proteins(25).  Overall, 
cluster biosynthesis and transfer is a very complex process with numerous critical 
components that still have unknown functions. 
 DTT is found all throughout the in vitro study of cluster transfer.  This is curious 
because small molecule thiol ligands are known to bind to iron-sulfur clusters.  
Additionally, thiol compounds have been shown to destabilize clusters on iron-sulfur 
proteins in mixed aqueous-organic solutions(127).  This leads one to question whether 
the apparent 'requirement' for DTT is to function as a thiol reductant to maintain the 
cluster binding site or if it might perhaps act as a cluster chelator.  Data from our group 
has shown that the cluster transfer from IscU to ferredoxin in humans is absolutely 
dependent on DTT(102).  Furthermore, DTT was shown to cause holo-IscU to lose its 
cluster(102).  Thus the function of DTT in cluster transfer warrants further study. 
 It is also important to note that the in vitro cluster transfer studies that have been 
carried out to date have been limited in their scope.  The primary method of studying 
cluster transfer has been CD spectroscopy(85, 90, 92).  Iron-sulfur clusters that are 
bound to proteins have non-equal Fe-S bonds, so the ligand to metal charge transfer 
bands in the visible region absorb circularly polarized light.  In contrast, clusters bound 
to small molecule ligands such as GSH and the more symmetrical [4Fe-4S] clusters 
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typically do not have a strong CD signal(128, 129).  This technique has been useful 
primarily due to the relatively unique signatures that clusters have when bound to 
different proteins.  However, these signals are weak, and assays often require ~10-
100µM protein concentrations.  Additionally, they have been limited to studies of cluster 
transfer between only two proteins, due to the difficulties in deconvoluting three or more 
overlapping spectra at intermediate time points.  Other studies in the literature have 
relied on reconstituting clusters on enzymes such as aconitase or on using separation 
based techniques such as column chromatography(61, 117, 130).  Such assays, while 
useful, are limited in that they are not easily ammenable to real-time kinetic analysis and 
only allow for cluster transfer to a certain subset of cluster binding proteins.  In order to 
fully study cluster transfer in vitro, new methodology is required.  This methodology 
would ideally have the ability to measure real time cluster transfer kinetics and report on 
the cluster content of a single protein in a complex reaction mixture.  Additionally, the 
method should work at a variety of protein concentrations, allow for use of the IscS-IscU 
assembly complex, and allow for rapid high-throughput analysis of many samples. 
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CHAPTER II 
FLUORESCENT PROBES FOR TRACKING THE TRANSFER OF IRON-SULFUR 
CLUSTER AND OTHER METAL COFACTORS IN BIOSYNTHETIC REACTION 
PATHWAYS* 
 
Introduction 
Enzymes require small organic molecules or metal ion cofactors to expand the 
limited chemical reactivity of amino acids and achieve biological functions. For metal 
ion cofactors, elaborate biosynthetic and delivery systems have evolved to provide 
specificity and control indiscriminate reactivity(131). Delivery systems for some metal 
cofactors, such as copper and iron-sulfur (Fe-S) clusters, appear to function as a bucket 
brigade, passing the cofactor from protein to protein until incorporation into the final 
target(132, 133). Major challenges for deconvoluting these pathways revolve around 
establishing which species are kinetically competent intermediates, defining the 
sequence of transfer reactions, and understanding target specificity. Kinetic experiments 
are critical to establish if a transfer reaction is fast enough to be physiologically relevant 
                                                
* Reprinted with permission from “Fluorescent Probes for Tracking the Transfer of Iron–Sulfur Cluster 
and Other Metal Cofactors in Biosynthetic Reaction Pathways” by James N. Vranish, William K. Russell, 
Lusa E. Yu, et al., 2015. J. Am. Chem. Soc., 137 (1), 390–398, Copyright 2014 by American Chemical 
Society. 
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and to determine which factors affect the flux through transfer branch points. These 
transfer reactions are often difficult to monitor due to similar ligand environments and 
nearly identical spectroscopic properties of the metal cofactor when bound to donor and 
acceptor proteins. Compromised metallocofactor biosynthesis and trafficking pathways 
are directly linked to human disease(56, 57, 134). Thus, the development of strategies to 
monitor the progress of metal cofactor transfer reactions is highly desirable. 
Fe-S clusters are one of the most ubiquitously used and chemically diverse metal 
cofactors, existing with different ligand environments and stoichiometries, including 
commonly found [2Fe-2S] and [4Fe-4S] clusters(1). Fe-S clusters are best known for 
their electron transport roles in the respiratory chain and photosynthetic complexes. 
However, these cofactors also have key roles in substrate binding and activation, 
initiation of radical chemistry, and in sensing small molecules or environmental 
conditions(1, 135). These clusters are synthesized and delivered by the bacterial NIF, 
ISC, and SUF systems, and by eukaryotic ISC (in mitochondria), SUF (in chloroplasts), 
and CIA (in the cytosol) systems(5, 6, 49, 136). The synthesis and delivery of Fe-S 
clusters is a complex process that appears to involve branched pathways(59-61, 68, 110), 
utilize chaperone proteins for some cluster transfer reactions but not others(85, 90, 116), 
require additional protein factors to convert from [2Fe-2S] clusters to [4Fe-4S] 
clusters(60, 109, 110, 137), and necessitate intermediate carrier proteins that provide 
specificity for selected Fe-S targets(68, 92, 125, 126, 137-139).  
Current methodology for monitoring Fe-S cluster assembly and transfer reactions 
has focused largely on absorption and circular dichroism (CD) spectroscopies(85, 90, 
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92). Absorption spectroscopy is non-ideal due to its inability to distinguish between 
solution mineralization chemistry and clusters bound to proteins. CD spectroscopy also 
has serious limitations including a requirement for very high protein concentrations(90, 
92, 140), difficulty in detecting [4Fe-4S] clusters(129), interference due to other 
cofactors (such as the PLP in cysteine desulfurase enzymes)(141), and poor signal-to-
noise for multicomponent analysis and time resolved experiments (142). Other studies 
utilize enzyme assays or separation-based techniques that do not allow for facile kinetic 
analysis and often report solely on the thermodynamics of cluster transfer reactions(61, 
117, 130). 
 
 
 
Figure 2-1. Overlap of fluorescent emission spectra for BFP and rhodamine 
with absorbance spectrum of [2Fe-2S] cluster from Fdx. Absorbance spectrum 
of 190 µM [2Fe-2S]-Fdx (black) was recorded with a 0.2 cm pathlength cuvette. 
The fluorescent emission spectra of apo-BFP-LAM (blue) and apo-Grx4Rho (red) 
were recorded with excitation wavelengths of 360 nm and 520 nm, respectively. 
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Fluorescence spectroscopy has the potential to overcome many of these 
limitations. Pioneering work using GFP variants, fluorescence resonance energy transfer 
(FRET), and fusion protein technology led to the development of in vivo metal ion 
sensors(143). Similarly, a homo-FRET mechanism has been used to monitor the [2Fe-
2S] cluster induced dimerization of glutaredoxin molecules that are fused to GFP 
variants(142). Fluorophores associated with small molecules(144), DNA(145), or 
proteins(146) have also been used to report metal ion content or proximity of the metal 
to the fluorophore. Based on these studies, we recognized the potential for a fluorescent 
labeling approach that would be general for reporting the binding and transfer of Fe-S 
clusters, and would not be limited to Fe-S proteins that oligomerize. Here we show that 
Fe-S cluster binding can be detected by fluorescence quenching for multiple Fe-S 
proteins and that this labeling strategy can be used to detect the binding of other metals. 
We then use this phenomenon to investigate the surprising [2Fe-2S] cluster exchange 
reaction between labeled and unlabeled ferredoxin.  
Results 
Generation of fluorescently labeled Fe-S containing proteins. We 
hypothesized that placing a fluorophore spatially near an Fe-S cluster would create a 
reporter for cluster binding. Fe-S proteins were labeled with either a blue fluorescent 
protein (BFP) tag, which are convenient to generate, or a small molecule fluorophore, 
which minimizes the size of the label and can potentially bring the fluorophore into 
closer proximity to the cluster. BFP was selected as the fluorescent protein tag as the 
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emission at ~450 nm had spectral overlap with characteristic absorbance bands (between 
400-500 nm) for iron-sulfur clusters (Figure 2-1), thus increasing the likelihood of 
energy transfer based quenching. Sulforhodamine B was selected as a small molecule 
fluorophore since it is sufficiently different from BFP that both fluorophores may be 
detected in a combined reaction mixture. The fluorescence emission for rhodamine has 
modest spectral overlap with typical Fe-S clusters (Figure 2-1), but has similar properties 
to Cy3, a fluorophore that has been shown to respond to nearby Fe-S clusters(145). We 
 
Figure 2-2. Production of rhodamine labeled proteins. Fe-S cluster binding 
proteins are expressed with a C-terminal GyrA-His fusion. This intein protein 
catalyzes thioester bond formation on the protein backbone between the two 
proteins. The thioester is cleaved with sulfide to cleave the protein fusion and 
generate a C-terminal thiocarboxylate on the Fe-S target. The thiocarboxylate is 
then reacted with Rhodamine B sulfonyl azide to form a stable sulfonylamide 
linkage. 
 
 30 
adapted a recently developed intein labeling method(147) to specifically label proteins 
with rhodamine on the C-terminus (Figure 2-2), leaving cysteine residues unmodified. 
Two BFP fusion and three intein-labeled Fe-S proteins were constructed. The 
Escherichia coli monothiol glutaredoxin (Grx4), which binds a single [2Fe-2S] cluster at 
a homodimeric interface using a cysteine residue and glutathione (GSH) molecule from 
each Grx4 subunit, was labeled with rhodamine (Grx4Rho). The E. coli ISC ferredoxin, 
which binds a [2Fe-2S] cluster with 4 cysteine ligands, was labeled with either a N-
terminal blue fluorescent protein (BFP-Fdx) or a C-terminal rhodamine (FdxRho) 
fluorophore. The E. coli Rieske protein HcaC, which binds a [2Fe-2S] cluster with 2 
cysteine and 2 histidine ligands, was labeled with rhodamine (RieskeRho). Finally, the E. 
coli lysine 2,3-aminomutase, which contains a [4Fe-4S] cluster, was labeled as a BFP 
fusion (BFP-LAM). Near stoichiometric rhodamine incorporation was achieved for 
intein labeling of Grx4, Fdx, and Rieske (0.76-1.07 fluorophores per protein; Table 2-1). 
These proteins were purified and chemically reconstituted with Fe-S clusters. Size 
exclusion columns were used to isolate the appropriate oligomeric states for the holo- 
 
 
 
Table 2-1. Iron, sulfide, and Rhodamine B quantitation for reconstituted 
proteins. 
 Grx4Rho RieskeRho FdxRho BFP-Fdx BFP-LAM 
Fe / monomer 0.8 ± 0.4 2.1 ± 0.4 2.7 ± 0.5 1.5 ± 0.1 4.4 ± 0.1 
S2- / monomer 0.8 ± 0.4 2.0 ± 1.1 1.6 ± 0.2 1.2 ± 0.1 3.7 ± 0.2 
Rho / monomer 0.76 ± 0.04 1.00 ± 0.03 1.07 ± 0.03 N/A N/A 
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Figure 2-3. Fluorescence quenching reports Fe-S cluster binding to labeled 
proteins. The fluorescence intensity was measured for chemically reconstituted 
proteins and divided by that of the apo protein. Error bars (SD) are shown for 
multiple replicates (n = 3). ** P < 0.01,  *** P < 0.001,  **** P <  0.0001. 
 
 
 
 
Figure 2-4. FdxRho fluorescence is reversibly quenched by [2Fe-2S] binding. 
The Fsample/Fapo was determined for the [2Fe-2S]-Fdx sample by measuring the 
fluorescence intensity of 0.3 µM apo-FdxRho before (Fapo) and after [2Fe-2S] 
cluster reconstituted (Fsample). Next, the reconstituted [2Fe-2S]-FdxRho was treated 
to remove the cluster (see Methods). The Fsample/Fapo was determined for treated 
FdxRho by measuring the fluorescence intensity of the cluster removed FdxRho 
(Fsample) with the Fapo from above. Error bars (SD) represent multiple trials (n=3). 
*** P < 0.001 
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proteins and remove any aggregated materials or unreacted reagents. Iron and sulfide 
levels for the proteins (Table 2-1) were consistent with efficient reconstitution of 
appropriate [2Fe-2S] and [4Fe-4S] clusters with the exception of BFP-Fdx. Multiple 
attempts at reconstituting BFP-Fdx produced protein with less iron (1.5 per protein) and 
sulfide (1.2 per protein) than expected for a [2Fe-2S] cluster.  
Four of the five constructs exhibited substantial quenching upon Fe-S cluster 
incorporation. Reconstitution of the [2Fe-2S] cluster on Grx4Rho converted the protein 
from a monomer to a dimer and decreased the fluorescence intensity to ~48% of apo-
Grx4Rho (Figure 2-3). Reconstitution of the iron-sulfur clusters for monomeric FdxRho, 
RieskeRho, and BFP-LAM reduced the fluorescence intensity to 56%, 61%, and 46% of 
the intensity of the apo proteins, respectively (Figure 2-3). Removing the Fe-S cluster  
 
 
Figure 2-5. CD spectra of reconstituted [2Fe-2S]-FdxRho and as-isolated Fdx. 
CD spectra were recorded using a 1 cm pathlength cuvette for 20 µM [2Fe-2S]-
FdxRho (red) and 20 µM as-isolated Fdx (green). FdxRho was reconstituted in the 
cuvette by the addition of 9 mM DTT, 0.4 mM FeCl3, and 0.3 mM Na2S. Spectra 
were collected, contributions due to fluorophore were subtracted out, and curves 
were smoothed with a window size of 3. 
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Figure 2-6. Substrates and byproducts for Fe-S assembly reactions do not 
quench fluorescence. (A) 5 µM of fluorescent apo protein was incubated with 
100 µM ferrous ammonium sulfate and 10 mM GSH. Control wells contained 
GSH and fluorescent apo protein only. The data points correspond to the 
following apo-proteins: BFP-LAM (dark blue), FdxRho (orange), Grx4Rho (green), 
and RieskeRho (black). The maximum error (SD) was 0.09 FReaction/FRef. (B) 5 µM 
of fluorescent apo protein was incubated with 0.5 µM IscS, 10 mM GSH, and 100 
µM L-cysteine. As a control, the reference well contained 5 µM fluorescent apo 
protein and 10 mM GSH. The fluorescence of the IscS/cysteine wells was divided 
by the fluorescence of the wells lacking IscS and cysteine. The same color scheme 
was used in A and B. The data points are the average of three runs for each 
fluorescent construct, and the maximum observed error (SD) for any data point 
was 0.06 FReaction/FRef.    
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from [2Fe-2S]-FdxRho recovered the fluorescence intensity (Figure 2-4), establishing a 
correlation between reversible Fe-S cluster binding and fluorescence quenching. 
Additionally, reconstituted FdxRho has similar CD peak locations to Fdx, implying that 
the cluster binding site is not substantially perturbed by cluster binding (Figure 2-5).  
The ability to detect different classes of Fe-S proteins suggests this labeling approach 
may have broad application in monitoring the cluster content of Fe-S cluster binding 
proteins. 
Next, we evaluated the sensitivity of the fluorescent reporter to reagents used in 
Fe-S assembly assays and to cluster oxidation states. First, we tested if the apo proteins 
that exhibited cluster-dependent quenching, Grx4Rho, RieskeRho, FdxRho, and BFP-LAM, 
 
Figure 2-7. Factors affecting FdxRho fluorescence. The fluorescence of apo- or 
[2Fe-2S]-FdxRho was measured immediately after the addition of various reagents 
and plotted relative to a control containing apo-FdxRho. [2Fe-2S] clusters were 
reconstituted and reduced with dithionite (A) or FldR/NADPH (B).  Error bars 
(SD) are shown for multiple replicates (n = 3).  * P< 0.05,  ** P< 0.01,  *** P< 
0.001,  **** P< 0.0001. 
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were also sensitive to substrates used in Fe-S cluster assembly reactions. In E. coli, Fe-S 
clusters are synthesized by an IscS-IscU complex using L-cysteine, Fe2+, and electrons 
as substrates(59). Control Fe-S assembly reactions containing apo-fluorescent target 
proteins and either ferrous iron or IscS and L-cysteine did not exhibit fluorescence 
quenching for any of the apo labeled proteins (Figure 2-6). We then focused on the 
sensitivity of FdxRho to individual reagents relevant to Fe-S cluster assembly and transfer 
reactions. The fluorescence of apo-FdxRho was unaffected by addition of Fe2+, NADPH, 
GSH, DTT, or sulfide (Figure 2-7). The addition of dithionite slightly quenched the 
fluorescence (10%), whereas L-cysteine addition slightly enhanced the fluorescence 
intensity (3%). However, the magnitudes of these changes were small compared to those 
generated by cluster binding (Figure 2-7). Moreover, the reporter was sensitive to both 
oxidized and reduced [2Fe-2S] clusters (Figure 2-7). Reduction of the cluster by either 
dithionite or NADPH (with the native Fdx reductant flavodoxin reductase (FldR)) 
resulted in nearly the same amount of fluorescence quenching (37-38%) as the oxidized 
cluster. These studies indicate the reporter is sensitive to the binding of either oxidized 
or reduced Fe-S clusters, but largely insensitive to substrates, reagents, and byproducts 
of Fe-S assembly reactions. Thus, this labeling strategy is a potential new tool for 
interrogating the kinetics of Fe-S assembly and transfer reactions (see Discussion). 
 We then tested if the FdxRho reporter was sensitive to other metal ion cofactors. 
Treating apo-FdxRho with various metals in the presence of 10 mM GSH revealed 
significant quenching for Ni2+ (21%) and Fe3+ (25%) (but not Cu2+ (3%)) when 
compared to apo-FdxRho (Figure 2-7). Titration of Ni2+ into apo-FdxRho exhibited binding 
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characteristics (formation of a Ni-FdxRho species), an absorbance band at < 300 nm, and 
fluorescence quenching that plateaued at ~50% of that for apo-FdxRho (Figures 2-8A and 
2-8B). Interestingly, addition of Cu2+ in the absence of GSH eliminated the apo-FdxRho 
fluorescence signal (Figures 2-7 and 2-8A). The signal was recovered by subsequent 
addition of GSH (Figure 2-8A), consistent with GSH removing copper from a Cu-FdxRho 
species. Together this suggests binding of the metal to FdxRho is critical for quenching. 
Overall, the sensitivity of the fluorescence to binding of other transition metal species 
 
Figure 2-8. Metal dependent quenching of FdxRho. (A) Overlay of titrations of 
1 µM apo-FdxRho with Ni2+ (and 10 mM GSH; green) and Cu2+ without (dark 
blue) and with 10 mM GSH (red). (B) Net absorbance of 100 µM Ni2+ added to 5 
µM apo-FdxRho subtracted from the absorbance of 5 µM apo-FdxRho. 
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suggests this labeling strategy may also be valuable for investigating additional metal 
trafficking and biosynthetic pathways. 
DTT facilitates [2Fe-2S] cluster self-exchange reactions. This labeling 
approach has the potential to advance the enzymology of Fe-S cofactor biosynthesis by  
 
Figure 2-9. DTT accelerates cluster transfer from [2Fe-2S]-Fdx to apo-
FdxRho. [2Fe-2S]-Fdx (20 µM) was incubated with apo-FdxRho (1 µM) and 0 mM 
(black), 8 mM (red), or 16 mM (blue) DTT. Three repetitions of each DTT 
concentration are overlaid. Data were fit as pseudo first order reactions in 
KaleidaGraph (not shown) to determine apparent rates of 0.0013(1) µM cluster 
min-1 (R2 = 0.955) and 0.00495(4) µM cluster min-1 (R2 = 0.998) for the 8 and 16 
mM DTT reactions, respectively. The minimum fluorescence was assumed to 
correspond to 1 µM of transferred cluster. The relationship between the apparent 
rate constants and DTT concentration suggests a second order reaction with 
respect to DTT. 
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allowing detection of cluster formation on selected proteins in complex reaction 
mixtures that may contain additional Fe-S proteins and chromophores. The power of this 
approach is highlighted with an extreme example in which the kinetics of Fe-S cluster 
transfer reactions are monitored between two Fdx molecules that have identical Fe-S 
spectroscopic properties. Unlabeled [2Fe-2S]-Fdx and apo-FdxRho were reacted in the 
presence or absence of DTT (Figure 2-9). In the absence of DTT, the addition of [2Fe-
2S]-Fdx resulted in no significant changes in fluorescence intensity for FdxRho. In 
contrast, additionof both DTT and [2Fe-2S]-Fdx resulted in time-dependent rhodamine 
quenching with a final intensity (~60% of initial value) consistent with the formation of 
a [2Fe-2S]-FdxRho species (Figure 2-3). Increasing the DTT concentration increased the 
rate of quenching, suggesting a role for DTT in the rate-limiting step for the transfer 
reaction from [2Fe-2S]-Fdx to apo-FdxRho. Substitution of GSH for DTT greatly 
diminished the quenching rate (Figure 2-10). Next, the ratio of [2Fe-2S]-Fdx to apo-
 
 
Figure 2-10. Comparison of DTT and GSH catalysis of Fdx cluster exchange. 
[2Fe-2S]-Fdx (10 µM) and apo-FdxRho (0.5 µM) were incubated with 20 mM 
DTT (dark blue) or 20 mM reduced glutathione (cyan). Each plot is an average of 
4 experiments with the maximum error (SD) for any data point being 0.03 
(FReaction/FRef)’. 
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FdxRho was varied to determine if the extent of fluorescence quenching was consistent 
with a thermodynamic cluster redistribution and to evaluate the relative cluster binding 
constants of labeled and unlabeled Fdx (Figure 2-11). The final fluorescence intensities 
(65% for 20:1, 70% for 4:1, and 88% for 1:1) are similar to those calculated  (58% for 
20:1, 65% for 4:1, and 78% for 1:1; assuming 56% intensity for [2Fe-2S]-FdxRho (Figure 
2-3) and identical Kd values). These results are consistent with the cluster on [2Fe-2S]-
Fdx being redistributed in a DTT-dependent process between Fdx and FdxRho and 
indicate that these two proteins have similar cluster binding affinities.  
A coupled fluorescence and mass spectrometry experiment was used to further 
interrogate the Fe-S cluster self-exchange reaction on Fdx. A complete reaction  
 
Figure 2-11.  Extent of fluorescence quenching depends on the ratio of [2Fe-
2S]-Fdx and apo-FdxRho. Reactions were carried out with 20 mM DTT, 0.5 µM 
apo-FdxRho, and varying concentrations of [2Fe-2S]-Fdx (10 µM, 2 µM, or 0.5 
µM).  The Freaction and FRef are the fluorescence intensity after 19 h for reactions 
with and without [2Fe-2S]-Fdx. Error bars (SD) are shown for multiple replicates 
(n = 3). ** P < 0.01. 
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containing unlabeled [2Fe-2S]-Fdx, DTT, and apo-FdxRho and control reactions lacking 
either DTT or apo-FdxRho were performed. The complete reaction, but not the control 
lacking DTT, showed time-dependent fluorescence quenching (Figure 2-12A). Next, 
 
 
Figure 2-12. Fluorescence quenching and mass spectrometry analysis of Fdx-
FdxRho cluster exchange experiment. A) Time dependent fluorescence 
quenching for mass spectrometry samples lacking DTT (cyan) and the complete 
reaction (blue). Both reactions contained 80 µM [2Fe-2S]-Fdx and 40 µM apo-
FdxRho.  B) Spectra are displayed for the +8 and +7 charge states for FdxRho in 
ferredoxin cluster transfer assays. I) 40 µM apo-FdxRho was incubated with 80 µM 
[2Fe-2S]-Fdx. II) 80 µM [2Fe-2S]-Fdx was incubated with 20 mM DTT.  III) 40 
µM apo-FdxRho was incubated with 80 µM  [2Fe-2S]-Fdx and 20 mM DTT. The 
reactions components were incubated for ~16 h, desalted, and analyzed by FT-
ICR-MS. Deconvolution of the mass spectra revealed a peak in III) with [M+H] = 
13380 Da (± 0.5 Da), consistent with the expected mass of [2Fe-2S]-FdxRho 
(minus the N-terminal methionine) of 13381.0 Da. 
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mass spectrometry was used to monitor the loss of cluster from unlabeled [2Fe-2S]-Fdx. 
The control reactions lacking DTT (Figure 2-13A) or apo-FdxRho (Figure 2-13B)  
 
 
Figure 2-13.  Mass spectrometry reveals DTT dependent cluster exchange 
between [2Fe-2S]-Fdx and apo-FdxRho. Mass spectra for the +11 charge species 
of unlabeled-Fdx at the conclusion of cluster transfer reactions for samples (A) 
lacking DTT, (B) lacking apo-FdxRho, or (C) a complete reaction with [2Fe-2S]-
Fdx (80 µM), apo-FdxRho(40 µM), and DTT (20 mM). Deconvolution of m/z 
peaks identified [2Fe-2S]-Fdx ([M+H]=12642.0 Da, expected mass 12643.7 Da) 
and apo-Fdx ([M+H]=12467.1 Da, expected mass 12467.9 Da) species. An 
additional peak in sample B is consistent with apo-Fdx plus two sulfur atoms. (D) 
Peak intensities for [2Fe-2S]-Fdx and apo-Fdx were integrated for all visible 
charge states and the percentage of apo-Fdx was plotted for the samples from (A), 
(B), and (C).  The 50% apo-Fdx observed in the presence of DTT and apo-FdxRho 
agrees well with the expected 41% (assuming [2Fe-2S]-Fdx is 12% apo to start). 
Error bars represent a standard error of 4%. 
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revealed that the majority of the unlabeled ferredoxin contained a [2Fe-2S] cluster. In 
contrast, the complete reaction resulted in significant cluster loss from the unlabeled Fdx  
significant cluster loss from the unlabeled Fdx (Figure 2-13C). Integrating the signals for 
all charge species indicated significantly more apo-Fdx was present in the complete 
reaction (~50%) than the control reactions (12% and 17%; Figure 2-13D). Moreover, the 
intensity of a peak assigned to [2Fe-2S]-FdxRho increased for the complete reaction 
compared to the control reactions (Figure 2-12B). These results are consistent with 
cluster loss from unlabeled [2Fe-2S]-Fdx and DTT-dependent transfer of this species to 
FdxRho. Collectively, fluorescence quenching and mass spectrometry experiments reveal 
that DTT catalyzes the Fe-S cluster transfer reaction from holo- to apo-Fdx, resulting in 
the redistribution of [2Fe-2S] clusters. These results also demonstrate that this labeling 
methodology permits the challenging real time detection of cluster content of a labeled 
protein in the presence of unlabeled proteins with identical Fe-S spectroscopic 
properties. 
DTT accelerates transfer through ligand exchange reaction. The observation 
Fdx cluster exchange depends on DTT concentration suggests that DTT may be 
functioning in a ligand-substitution reaction to generate a DTT-cluster intermediate that 
can redistribute the cluster between apo-Fdx molecules. However, other possible roles 
for DTT include: (i) preparing the apo-FdxRho for cluster transfer by reducing disulfides 
or chelating adventitiously bound metal ions; and (ii) reducing the Fe-S cluster (similar 
to mitoNEET(148)) resulting in a more labile species.  To test the first alternative, 
FdxRho was pre-reduced with 20 mM DTT for 4 hours and then diluted into a cluster 
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transfer reaction containing a final concentration of 8 mM DTT. The additional 
incubation time with DTT had no effect on the cluster exchange kinetics (Figure 2-14), 
indicating that DTT is not reducing disulfides on FdxRho or chelating bound metals. To 
test the second alternative, we added reagents known to reduce [2Fe-2S]-Fdx and 
measured the fluorescence quenching of FdxRho. Notably, the oxidized and reduced 
forms of the Fe-S cluster exhibit similar quenching for [2Fe-2S]-FdxRho (Figure 2-7). 
Substitution of dithionite for DTT resulted in a very slow quenching of fluorescence 
(Figure 2-15). Adding dithionite to standard exchange reactions along with DTT resulted 
 
 
 
Figure 2-14. Fe-S cluster transfer reactions are unaffected by DTT 
pretreatment. Reactions contained 10 µM [2Fe-2S]-Fdx with either 20 mM DTT 
(dark blue) or 8 mM DTT (red and black). In the case of the black triangles, the 
apo-FdxRho was pre-reduced with 20 mM DTT for 4 hours at 16 ºC in an 
anaerobic glovebox. The displayed data is the average of three runs for each 
sample with the maximum error (SD) for any data point being 0.04 
(FReaction/FRef)’. 
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in almost identical rates as the dithionite-substituted reaction lacking DTT (Figure 2-15). 
This indicates that dithionite inhibits DTT-mediated cluster exchange. Substitution of the 
native ferredoxin electron donation system, FldR and NADPH, for DTT resulted in no 
cluster exchange (Figure 2-15). Addition of both DTT and FldR/NADPH resulted in 
exchange rates that were much slower than reactions with just DTT. Combined, these 
results suggest that DTT mediates the exchange reaction through a ligand substitution 
process and that reduced iron-sulfur clusters exchange on a much slower time scale than 
oxidized clusters. These experiments highlight the advantages of this labeling approach 
for detecting different types of Fe-S clusters and monitoring the transfer kinetics of these 
clusters under experimental conditions that would be challenging with other methods. 
Discussion 
A major challenge for understanding metal trafficking and metal cofactor  
 
 
Figure 2-15. Fdx cluster exchange is slowed by reduction. Reactions contained 
apo-FdxRho (0.5 µM), [2Fe-2S]-Fdx (10 µM) plus 20 mM DTT (brown), 1 mM 
sodium dithionite (cyan), 50 nM FldR and 100 µM NADPH (pink), 20 mM DTT 
and 1 mM sodium dithionite (black), or 20 mM DTT, 50 nM FldR, and 100 µM 
NADPH (dark blue). The plotted data is the average of at least three runs for each 
sample, with the maximum error (SD) for any data point being 0.06 
(FReaction/FRef)’. 
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biosynthesis is the lack of spectroscopic probes for measuring the rates of metal transfer 
reactions. It is imperative to distinguish between the thermodynamics and kinetics of in 
vitro metal transfer reactions. Thermodynamic studies provide information about 
whether or not a particular transfer can occur, but provide little information about 
whether or not that transfer is fast enough to be physiologically relevant. Here two 
fluorescent labeling strategies were described that successfully report iron-sulfur cluster 
binding, and are well suited to function as kinetic probes for metal transfer reactions. 
These fluorophore labeling strategies were demonstrated to be effective in reporting the 
presence of Fe-S clusters with different stoichiometries ([2Fe-2S] and [4Fe-4S] clusters), 
ligand sets (Grx4, Fdx, and Rieske [2Fe-2S] clusters), and oxidation states ([2Fe-2S]2+ 
and [2Fe-2S]1+ clusters). Notably, this is in contrast to the difficulties encountered when 
monitoring [4Fe-4S] cluster transfer reactions with CD spectroscopy(129), and the 
dramatic loss in absorbance signals upon cluster reduction. Perhaps the most important 
advantage of fluorescent labeling over existing methodology is the ability to detect the 
real-time Fe-S cluster incorporation of a specific labeled protein in the presence of 
unlabeled Fe-S binding proteins or other chromophores. Additionally, the ability to use 
different fluorophores with substantially different fluorescent properties permits the 
simultaneous monitoring of cluster transfer to multiple [2Fe-2S] or [4Fe-4S] binding 
proteins, and testing different factors as partitioning determinants for target specificity. 
This methodology can be used to determine kinetic parameters (kcat, Ki and Km values) 
for a wide variety of cluster transfer reactions, including experiments that evaluate the 
ability of multiple proteins to compete for a common cluster source. This method 
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represents a vast improvement over other techniques in terms of sensitivity, sample 
requirements, and range of concentrations that can be used in an assay. An additional 
benefit is the suitability of these fluorescence probes with high-throughput plate reader 
methodology.  
There are multiple strategies to fluorescently label metal binding proteins. The 
first labeling approach, generation of a fusion protein with BFP, is straightforward in 
that it does not require any subsequent chemistry after protein isolation to incorporate 
the fluorophore. Fluorescent protein tags can also be beneficial in the solubilization and 
purification of proteins. However, we observed mixed results using this approach with 
no observable quenching for BFP-Fdx, but strong quenching (54%) upon [4Fe-4S] 
cluster binding to BFP-LAM. The second approach, intein labeling, allows for the site-
specific labeling of any protein on its C-terminus. All three proteins labeled using this 
intein chemistry exhibited strong cluster-dependent quenching (39-52%). In addition, 
this labeling approach has many attractive qualities including inexpensive reagents, 
limited reactivity with amino acids side chains, and high yields.  
The fluorescent constructs described here use a variety of different quenching 
mechanisms. The BFP constructs likely depend on FRET quenching with the cluster 
acting as an acceptor. FRET is a non-radiative process that depends on the donor-
acceptor spectral overlap, varies with donor-acceptor orientation, and can occur over 
distances of up to 100 Å. In the case of BFP-LAM, the spectral overlap between the 
[4Fe-4S] cluster absorbance (between 400-500 nm) and BFP fluorescent emission (peak 
at ~450 nm) and the apparent long distance between the [4Fe-4S] cluster and 
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fluorophore (estimated at > 50 Å)(149) are consistent with FRET and not with 
quenching mechanisms limited to shorter distances. Thus, the quenching for BFP-LAM  
but not BFP-Fdx may be explained by the greater absorbance of a [4Fe-4S] cluster, the 
lower cluster content of BFP-Fdx, and/or differences in BFP-cluster distances or 
orientations. 
Quenching for the rhodamine constructs may be more complex. In the case of 
Grx4Rho, cluster induced dimerization brings the two rhodamine molecules within 
homoFRET distance (R0 = 55-58 Å)(107, 150). The FdxRho and RieskeRho proteins 
exhibit similar quenching to Grx4Rho upon [2Fe-2S] cluster binding but do not dimerize, 
ruling out a homoFRET quenching mechanism. Rather, it is likely that these 
fluorophores are quenched by a combination of FRET (with the cluster acting as an 
acceptor) and electron transfer. We estimate the distances between the cluster and 
fluorophore are between 6 and 36 Å based on the crystal structures of Fdx(151) and 
Rieske(152). These distances and the spectral overlap between [2Fe-2S] clusters and 
rhodamine are appropriate for FRET quenching. However, the quenching observed for 
Ni-FdxRho, which has weak spectral overlap between the Ni2+ absorbance and 
rhodamine, suggests a non-FRET mechanism such as electron transfer may also be 
relevant.  
Here we highlight some of the strengths of this labeling methodology by 
investigating the exchange of [2Fe-2S] clusters between holo-Fdx and apo-FdxRho. The 
[2Fe-2S] clusters on Fdx are resistant to degradation in air and bind with very high 
affinity(85, 90, 92). Despite this thermodynamic stability, the addition of DTT was 
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found to mediate the exchange of [2Fe-2S] clusters between Fdx proteins. The rate 
dependence on DTT suggests a bimolecular reaction in which both DTT and [2Fe-2S]-
Fdx participate in the transition state of the slow step in the reaction. These results 
support a model in which DTT functions in a ligand substitution reaction to form a [2Fe-
2S]-DTT species that redistributes the [2Fe-2S] clusters between Fdx and FdxRho (Figure 
2-16). Interestingly, DTT alone was unable to cause a significant loss of cluster from 
[2Fe-2S]-Fdx (Figure 2-13). This suggests that while the cluster is labile in the presence 
of DTT, the equilibrium lies toward cluster binding to Fdx (Figure 2-16). We further 
demonstrate that cluster reduction decreases the exchange rate. This is a somewhat 
surprising result as cluster reduction is often thought, based on the reduced 
 
 
 
Figure 2-16. Model of DTT dependent cluster transfer reaction. DTT initiates 
ligand substitution reaction through nucleophilic attack of the [2Fe-2S]2+ cluster 
on Fdx. This forms a DTT-[2Fe-2S]2+ cluster species that readily transfers the 
cluster either back to apo-Fdx or to apo-FdxRho, which results in fluorescence 
quenching. 
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thermodynamic stability of some reduced Fe-S clusters, to trigger transfer reactions in 
Fe-S cluster biosynthesis. We postulate that the negatively charged DTT molecule is 
able to bind an oxidized cluster more readily than a reduced cluster, as would be 
expected based on electrostatic arguments. This lowers the transition state energy for the 
oxidized [2Fe-2S] cluster more than the reduced cluster, resulting in the observed 
differences in cluster transfer rate. These results further emphasize the need to examine 
the kinetics and not just the thermodynamics of metal transfer reactions.  
The DTT-dependent acceleration of cluster exchange reactions raises questions 
about the physiological role of small molecule thiols in cluster transfer. The ligand 
substitution process described for DTT may be similar to that occurring for 
physiological cluster transfer reactions. Thiol-containing small molecule such as 
GSH(128) or trypanothione(119), which have been proposed to be important species in 
trafficking Fe-S clusters, may mediate in vivo cluster transfer reactions. Alternately, 
thiol-containing proteins such as monothiol glutaredoxins may mimic DTT and mediate 
the transfer of Fe-S clusters. It is also possible that the physiological cluster transfer 
reactions operate through a different mechanism than the ligand substitution exchange 
reactions mediated by DTT. This is supported by the ability of DTT to greatly enhance 
Fdx cluster exchange relative to GSH. Since the use of DTT is nearly ubiquitous in 
previous cluster transfer reactions, the transfer rates and conclusions for many of these 
studies warrant reinvestigation. DTT is likely even more efficient at catalyzing cluster 
transfer reactions for Fe-S assembly and transfer proteins, which are designed to 
transiently bind Fe-S clusters, than for the terminal Fe-S acceptor protein Fdx.  
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In summary, fluorophore labeling strategies were demonstrated to have general 
application in reporting Fe-S cluster content. An even more dramatic binding signal may 
be generated by placing the fluorophore near the metal binding site using artificial amino 
acid technology(153). The sensitivity of labeled Fe-S acceptor proteins to cluster 
binding, but insensitivity to Fe2+/sulfide/GSH/NADPH (and low sensitivity to cysteine), 
along with the ability to monitor a labeled protein in the presence of unlabeled Fe-S 
proteins will make these probes transformative new tools for investigating in vitro Fe-S 
cluster assembly reactions. Furthermore, the ability to detect other metal ions suggests 
that this labeling approach may also have applications in the in vitro studies of additional 
metal transfer reactions.  
Materials and methods 
Protein preparations. BFP (GFP-sol variant(154) with Y66H and H145F 
substitutions) and a C-terminal tetra-glycine linker were cloned into a pET28a vector 
after the N-terminal His-tag using the MEGAWHOP(155) protocol. E. coli ferredoxin 
(Fdx) and lysine aminomutase (LAM) were amplified from genomic DNA and cloned 
into the BFP vector on the C-terminal side of the tetra-glycine linker. In addition, Fdx, 
Grx4, and Rieske (HcaC subunit of 3-phenylpropionate dioxygenase) were PCR 
amplified from E. coli genomic DNA and cloned into the NdeI and XhoI sites of 
pTwin1-His (Jena Bioscience). DNA sequences were confirmed by the Texas A&M 
Gene Technology Lab. 
Five vectors (BFP-Fdx, BFP-LAM, pTwin1-His-Fdx, pTwin1-His-Grx4, and 
pTwin1-His-Rieske) were separately transformed into Rosetta (DE3) cells and grown in 
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LB medium (BD Biosciences) at 37 °C until the OD600 reached 0.5 -1.0. The temperature 
was decreased to 25 °C and protein expression was induced with 0.5 mM IPTG for 16 h. 
The cells were collected by centrifugation and disrupted by sonication in 20 mM Tris, 5 
mM imidazole, 500 mM NaCl pH 7.5. The lysate was loaded on a 5 mL Ni-NTA column 
(GE Life Sciences) and eluted with a gradient to 500 mM imidazole. For the BFP-Fdx 
and BFP-LAM samples, the proteins were dialyzed and loaded on a 27 mL anion 
exchange column (POROS HQ 50 mM) with 50 mM Tris pH 7.5 and eluted with a 
gradient to 1 M NaCl. The BFP-Fdx and BFP-LAM fractions were concentrated, treated 
with 1-10 mM DTT, and loaded on a 26/60 Sephadex 300 column (GE Life Sciences) 
equilibrated with 50 mM Tris, 150 mM NaCl pH 7.5 (Buffer A). For the samples from 
pTwin vectors, the eluate from the Ni column was mixed with an equal volume of 400 
mM Na2S, 800 mM KH2PO4 and incubated for 16 h (Safety note:  Prepare 400 mM 
Na2S, 800 mM KH2PO4 in a fume hood by slowly adding 1.6 M KH2PO4 to a solution of 
800 mM Na2S). This step resulted in intein cleavage and production of thiocarboxylate 
species. The samples were dialyzed against 50 mM KPO4, 100 mM KCl, pH 6.0 buffer  
(in a fume hood) and reapplied to the Ni column. The cleaved proteins flowed through 
the column. The samples were concentrated to ~1 mM and treated for 16 h with greater 
than five equivalents of Lissamine-rhodamine-B sulfonyl azide, which was synthesized 
from sulforhodamine B acid chloride (Sigma-Aldrich) and sodium azide (Sigma-
Aldrich) as previously described29 and stored at -20 °C in DMSO. The FdxRho, Grx4Rho, 
and RieskeRho samples were separately applied to a 1 mL anion column and washed 
extensively with 50 mM Tris pH 7.5 buffer. Addition of up to 1 M NaCl eluted the pink 
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protein samples from the column. Occasionally, on column denaturation with 6 M urea 
and refolding was used to increase the yield. Analysis of the samples by SDS-PAGE and 
fluorescent gel imaging showed that the protein samples were successfully labeled and 
that excess fluorophore had been removed. Protein concentrations were determined 
using a Bradford assay. Rhodamine B was quantitated using the extinction 
coefficient(156) at 564 nm of 84000 M-1 cm-1. The purified proteins were flash frozen in 
liquid nitrogen. 
Preparation of apo and Fe-S cluster target proteins. Fe-S clusters were 
removed from FdxRho, BFP-Fdx, Grx4Rho, and RieskeRho by acid precipitation with 10% 
trichloroacetic acid following incubation with 67 mM D,L-DTT, 67 mM NaOH for at 
least 5 minutes at room temperature. Proteins were pelleted and washed 5 times with 1 
mL of metal free water. The proteins were resuspended in Buffer A in an anaerobic 
glovebox (mBraun, 16 °C, O2 < 1 ppm). Lysine aminomutase was purified aerobically 
and did not contain an Fe-S cluster. Thus, the as-isolated protein was treated as apo-
protein. 
Apo-proteins were mixed with 10 mM BME, DTT, or GSH in a buffered solution 
(typically pH 7.2 for rhodamine-labeling constructs and pH 9.0 for BFP constructs). 
Ferric chloride and sodium sulfide or ferrous ammonium sulfate and 1 mM IscS, 5 mM 
IscU, and 1 mM cysteine were used for the cluster reconstitution. The iron and sulfide 
concentrations were kept below 1 mM. The cluster reconstitution reactions proceeded 
for 1 h to overnight depending on the particular protein. The reconstituted proteins were 
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desalted with a 5 mL desalting column and applied to a Superdex 200 10/300 size 
exclusion column (GE Life Sciences). Only protein eluting at the correct size was used  
 
Figure 2-17.  Data processing flow chart.  A reaction and reference well were 
used for each experiment. The wells were identical except that the reference well 
lacks necessary components to initiate the reaction. The fluorescence was 
measured at each time point for the wells to produce Fmeasured and Fcontrol. The 
fluorescence was corrected for the inner filter effect and autofluorescence of the 
plates (FReaction and FRef). Both samples showed rapid decreases in fluorescence 
that was attributed to photobleaching or protein adhesion. The two wells were 
normalized to a fluorescence value of 1 by dividing the fluorescence at time t by 
the fluorescence at time 0. This accounted for small deviations in fluorescence 
between wells ((FReaction)’ and (FRef)’).  (FReaction)’ was divided by (FRef)’ to 
remove fluorescence decreases that were not due to the reaction, generating the 
final value of (FReaction / FRef)’. 
 
 
 54 
for experiments (dimer for Grx4, and monomers for Fdx, Rieske, and LAM). In some 
cases, a 1 mL monoQ column (Pharmacia Biotech) was used to remove additional iron 
and sulfide. The ferrozine assay (extinction coefficient of 28000 M-1 cm-1 at 562 nm) 
was used to quantitate iron(157). For the rhodamine labeled proteins, the absorbance due 
to rhodamine was subtracted from the total absorbance (rhodamine plus ferrozine 
complex) prior to iron quantitation.  Sulfide was quantified using a methylene blue assay 
that included pretreatment of the protein with NaOH and zinc acetate(158). 
Fluorescence assays. Assays were carried out in a Tecan M200 fluorescent plate 
reader using top-read fluorescence and bottom-read absorbance measurements. The plate 
reader is located in an anaerobic glovebox (oxygen < 0.5 ppm). Greiner 96 well plates 
with black sides, clear flat bottoms, and a non-binding coating were used. Plates were 
kept in the glovebox overnight before use to allow oxygen dissolved in the plastic to 
diffuse out. The fluorescence of the BFP proteins was measured with excitation and 
emission wavelength of 380 nm and 450 nm, respectively. Rhodamine-labeled proteins 
were monitored with excitation wavelength of 550 nm and emission wavelengths of 600 
nm. Assays were typically monitored for 16 hours at 25 °C while covered with low-
fluorescent clear tape.  
Fluorescence data processing. A data processing flow chart is provided as 
Figure 2-17. Raw fluorescence data for the reaction (Fmeasured) was corrected for the inner 
filter effect by recording the absorbance of each sample at the excitation (Absex) and 
emission (Absem) wavelengths and then calculating the corrected fluorescence (Freaction) 
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with the first term of equation (1). For the BFP samples, the plates exhibited significant 
autofluorescence (Fauto) and required subtraction of a second correction term in equation 
(1).  
 
This second term was obtained from the average fluorescent signals from three wells 
containing buffer (Fauto), and was also corrected for the inner filter effect. A reference 
sample (Fref) was also used to correct for any photobleaching or adhesion to the plate. 
Fref was calculated using equation (2) using a second control sample (Fcontrol) that 
included the fluorescent protein at the same concentration as the reaction, but lacked a 
reagent that was necessary to initiate the reaction (holo-ferredoxin in this case). Inner-
filter effect and autofluorescence corrections were also applied.  
 
The fluorescence intensity for the reference sample (Fref) was scaled to be 100% 
throughout the assay. When the fluorescence signals of the sample and reference wells at 
time 0 were within error of each other, their fluorescent signals were normalized (by 
dividing the fluorescence at time t by the fluorescence at time 0) in order to allow the 
fluorescence experiment to start at a value of 1. The normalized fluorescence values of 
the reaction and reference wells were then divided to generate the final (Freaction/Fref)’ 
value in equation (3).  
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Fe-S cluster transfer and control reactions. Control quenching reactions 
included 0.5-5 µM FdxRho (either holo or apo) in 50 mM HEPES, 150 mM KCl pH 7.2 
(Buffer A) and were performed at 25 °C. Some reactions included 10 mM GSH at pH 
7.2. Reagents tested include L-cysteine (1 mM), ferrous ammonium sulfate (100 µM), 
NADPH (1 mM), GSH (10 mM), D,L-DTT (20 mM), sodium dithionite (1 mM), sodium 
sulfide (1 mM), FldR (100 nM) with NADPH (1 mM), ferric chloride (100 µM), nickel 
(II) chloride (100 µM), or copper (II) sulfate (100 µM). The fluorescence was collected 
immediately and compared to a sample lacking the additives. In separate kinetic control 
experiments, 5 µM FdxRho was incubated with either ferrous ammonium sulfate (100 
µM) and GSH (10 mM) or with IscS (0.5 µM), cysteine (100 µM), and GSH (10 mM) at 
25 °C in a solution of Buffer A with 10 mM GSH. The fluorescence was collected upon 
iron or cysteine addition and compared to a sample that lacked iron or both IscS and 
cysteine. 
For cluster transfer reactions, apo-FdxRho was diluted into a solution of Buffer A, 
typically to a concentration of 0.5 µM. Reducing agents DTT, GSH, sodium dithionite, 
or FldR/NADPH were added to the reaction. The reaction was initiated by the addition 
of holo-Fdx. The samples were mixed by pipetting and the plate was covered with low-
fluorescent plastic tape. The temperature of the plate reader was maintained at 25 °C 
throughout the assay. Every five minutes, the fluorescence was measured (excitation: 
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550nm, emission: 600nm) along with absorbance at the excitation and emission 
wavelengths, and the sample was shaken further to prevent localized photobleaching. 
The reaction was typically allowed to proceed for ~16 hrs. 
Mass spectrometry. Complete Fdx cluster transfer assays that included 80 µM 
[2Fe-2S]-Fdx, 40 µM FdxRho, and 20 mM D,L-DTT in Buffer A were allowed to 
proceed overnight. Control reactions lacked FdxRho or DTT. 50 µL aliquots from the 
reactions were desalted into 10 mM ammonium acetate using Bio-Rad Micro-spin 6 
columns, diluted 1:10 into 10% acetonitrile, and analyzed by direct infusion into a 
Bruker 9.4 T FT-ICR-MS. The source voltage was 4000 V and the mass window was 
130 – 2700 m/z with a transient length of 1.9 seconds. The data from 40 spectra were 
averaged. Raw data were deconvoluted using Bruker software. 
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CHAPTER III 
INVESTIGATING THE ROLE OF THE MONOTHIOL GLUTAREDOXINS WITH 
FLUORESCENT PROBES 
 
Introduction 
 Iron-sulfur clusters (Fe-S) are found throughout all of the kingdoms of life, 
where they serve a wide variety of critical functions(1).  Fe-S clusters are involved in 
electron transport(12-15), catalysis of biological reactions(16-18), and regulation of 
cellular responses to oxidative stress(24, 25).  It is not surprising that defects in the 
biosynthesis and transfer of Fe-S clusters are associated with numerous human 
diseases(49, 56, 57).  Despite the importance of these cofactors, many mysteries remain 
regarding their biosynthesis and insertion into their target proteins. 
 In many bacteria and the eukaryotic mitochondria, the ISC biosynthetic 
machinery is responsible for cluster biosynthesis(6, 159).  The ISC pathway utilizes a 
core complex consisting of a cysteine desulfurase (IscS) and a scaffold protein (IscU) (6, 
59).  IscS catalyzes the conversion of cysteine to alanine and a persulfide(74).  IscU 
serves as the site for cluster assembly(80, 83).  The persulfides that are formed on IscS 
can be transferred to IscU, where they are combined with ferrous iron and two electrons 
to form a [2Fe-2S] cluster(84, 85). 
 The cluster that is formed on IscU must then be transferred to a variety of apo 
target proteins in the cell.  Several proteins have been implicated in the process of 
transferring clusters, including the chaperone/co-chaperone pair of HscA/HscB(55), 
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IscA(109-111), and the monothiol glutaredoxins (Grxs) (160, 161).  The role of the 
glutaredoxins has been quite mysterious.  Grxs come in two varieties, the monothiol and 
dithiol glutaredoxins, with their respective names indicating the number of cysteine 
residues present in the active site of these enzymes.  The Grxs are so named due to their 
ability to catalyze disulfide reduction reactions on molecules such as ribonucleotide 
reductase in a process that utilizes reduced glutathione (GSH) (162).  While similar to 
thioredoxins, they are uniquely able to reduce S-glutathionylated proteins (163, 164).  
Interestingly, both classes of Grxs also possess the ability to bind an Fe-S cluster(107, 
165-168).  Curiously, this binding requires two monomers of Grx that both provide a 
single cysteine ligand to opposite iron atoms of the cluster with the other two ligands 
coming from two molecules of non-covalently bound GSH.  Even more intriguing is the 
observation that the ligating cysteine is the residue that is required for Grxs thiol 
reduction function(169).  While crystal structures indicate that monothiol Grxs bind a 
[2Fe-2S] cluster, other studies have demonstrated the ability of this class of Grxs to bind 
both linear [3Fe-4S] and traditional [4Fe-4S] clusters(170).  The physiological relevance 
of these cluster forms remains a matter of debate.  Interestingly, monothiol Grxs can also 
bind clusters in heterodimeric complexes with BolA/Fra2, forming complexes with 
perturbed cluster properties and specific regulatory functions(25, 120, 121, 124, 171). 
 In Fe-S cluster biosynthesis, glutaredoxins have been proposed to function as 
intermediate cluster carriers for transfer processes or as cluster storage proteins based on 
in vivo and in vitro studies (92, 172).  Holo-monothiol and dithiol glutaredoxins have 
been shown to transfer their clusters to ferredoxin (Fdx), but in vivo data more strongly 
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links the monothiol Grxs to Fe-S cluster biosynthesis (67, 92, 118).  Additionally, the 
monothiol glutaredoxins have been shown to be able to transfer clusters to IscA and to 
aconitase(125, 170).  Clusters bound to monothiol glutaredoxins are generally regarded 
as more labile than clusters bound to dithiol Grxs(67).  Additionally, the monothiol 
glutaredoxins have also been shown to accept a cluster from holo-IscU, in a chaperone 
enhanced fashion(92).  The independently measured rates of transfer from IscU to 
monothiol glutaredoxin and then glutaredoxin to ferredoxin was determined to occur 
faster than the transfer from IscU to ferredoxin alone, providing the first kinetic evidence 
for the role of glutaredoxin as an intermediate cluster carrier(92).  However, it is 
important to note that several of these transfer steps include DTT, which has been shown 
to artificially enhance the rates of cluster transfer reactions.  Furthermore, these rates 
were measured without any determination of Km values and didn’t allow for competition 
between glutaredoxin and ferredoxin for a common cluster source, thus calling into 
question the relevance of these findings in a biological setting that includes all three 
proteins at much lower protein concentrations.  Additionally, these studies utilized a 
[2Fe-2S]-IscU dimer species as the cluster source, despite the fact that it has never been 
established to be a kinetically competent intermediate of the cluster biosynthetic 
pathway.   
 In a previous paper, we demonstrated the ability of fluorescent Fe-S cluster 
binding proteins to report on their cluster content in mixtures containing other 
chromophores.  Here we extend the utility of this assay to investigate proposed transient 
cluster formation on E. coli IscU and monothiol Grx4.  We expand the known 
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functionality of Grx4 by demonstrating its ability to function as general intermediate 
carrier proteins while simultaneously providing insight into the mechanism of the 
associated cluster transfer events.  This study shows the power of this technique to detect 
pathway intermediates and directly investigate the complex network of cluster transfer 
reactions. 
 
Figure 3-1.  DTT accelerates the cluster transfer from holo-Grx4 to apo-Fdx.  
Reactions contain  10µM IscU, 20µM Grx4, 40µM apo-Fdx, 400µM Fe2+ and 100 
µM cysteine and 10 mM GSH (Blue).  The reaction is spiked with 5mM DTT 
after 50 min (green).  The control lacks Grx4 (Red). Inset:  CD spectra for the 
reactions at the end of 120 minutes. 
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Results 
Cluster transfer between IscU/Grx4 and Fdx is enhanced by DTT. CD 
spectroscopy has been widely used to monitor Fe-S cluster transfer reactions.  Previous 
results suggest that cluster transfer from IscU to Fdx is greatly enhanced in the presence 
of both monothiol Grx and chaperones.  In the absence of chaperones, Grx appeared to 
be unable to accelerate cluster transfer from IscU to Fdx.  It is worth noting that many of  
 
Figure 3-2.  Cluster assembly on IscURho in the presence or absence of apo-
acceptors.  Reactions contained 10 mM GSH, 30 µM Fe2+, 0.5 µM IscS, 5 µM 
IscURho, 30 µM cysteine (blue).  Other reactions also contained apo-target 
proteins:  40 µM Grx4 (black), 20 µM Fdx (red), or 20 µM HcaC (green). 
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the reactions that led to these conclusions included DTT, which has been shown to 
artificially enhance cluster transfer reactions.   
In order to test the DTT dependence of glutaredoxin mediated IscU:Fdx transfer, 
cluster transfer reactions were carried out and monitored with CD spectroscopy (Figure 
3-1).  In the absence of Grx4 cluster transfer from IscU to Fdx was very slow and does 
not show a substantial increase even in the presence of DTT (data not shown).  Inclusion 
of Grx4 resulted in greater apparent cluster signal relative to the sample lacking Grx and 
a greater apparent rate.  Spiking the reaction with DTT in the presence of Grx4 resulted 
in very rapid cluster transfer to Fdx.  At the conclusion of the reaction, the CD spectrum 
of the reaction containing DTT resembles that of holo-Fdx while the DTT-free Grx4 
containing sample appears to be a complex mixture of spectra.  Due to the difficulty in 
resolving the individual component CD spectra of the DTT-free Grx4 containing sample 
at intermediate time points, our recently developed fluorescent cluster transfer assay was 
employed to determine the function of Grx4. 
Direct evidence for transient cluster formation on IscU.  To establish the 
utility of fluorescently labeled proteins for investigating enzymatic cluster transfer 
reactions, the ability of IscU to function as a scaffold protein in a complete cluster 
biosynthesis/transfer reaction was first demonstrated.  IscU was purified as an intein 
construct and fluorescently labeled with sulforhodamine B as done previously (IscURho).  
When a cluster assembly reaction was carried out with IscS, ferrous iron, GSH, and 
cysteine, time dependent fluorescence quenching was observed (Figure 3-2).  This is 
consistent with Fe-S cluster formation on IscURho as has been demonstrated with 
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unlabeled IscU (59). The reactions were then repeated, but in the presence of an apo-
acceptor protein. The acceptors that were utilized were the proposed intermediate cluster 
carrier Grx4, the terminal target protein Fdx, and a Rieske-type protein (HcaC) that 
ligates a cluster with a 2-His/2-Cys ligation. Grx4 showed the greatest ability to inhibit 
IscU quenching and additionally showed the most rapid rescue of the quenching, 
consistent with its proposed role as an intermediate cluster carrier.  Inclusion of either 
Fdx or HcaC resulted in the surprising result of increased quenching relative to the 
reaction containing IscURho alone.  In both cases the fluorescence was rescued at later 
time points, but at a much slower rate than was observed for Grx4.  In all of the cases 
containing a target protein, the apparent formation and decay of [2Fe-2S]-IscURho is 
consistent with its role as a scaffold protein, since its intermediate-like behavior 
indicates that cluster transiently binds and is transferred to other apo-target proteins. 
Fluorescence of Grx4Rho is sensitive to enzymatically produced Fe-S clusters. 
For this study, E. coli Grx4 (a monothiol glutaredoxin) was purified as an intein fusion 
protein and fluorescently labeled with sulforhodamine B (Grx4Rho).  Grx4Rho has 
previously been shown to be sensitive to cluster binding, with little response in the 
presence of cysteine, ferrous iron, glutathione (GSH), or sulfide alone.  Initially Grx4Rho 
was added to an Fe-S cluster assembly/transfer reaction containing IscS, IscU, GSH, and 
ferrous iron.  Cysteine was added to initiate the reactions.  The reference well contained 
all components except IscS and cysteine (the IscS was omitted due to an apparent 
cysteine contamination in the GSH; data not shown).  Fluorescence quenching was 
observed over time, with the final quenching leveling off at 34% (Figure 3-3).  This 
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value is significantly more quenched than measured with chemically reconstituted [2Fe-
2S]-Grx4Rho.  A sample of unlabeled Grx4 was placed in an identical reaction, except 
this reaction was monitored with CD spectroscopy.  The rate of the CD signal increase at 
 
 
 
Figure 3-3.  Grx4Rho quenching reports on cluster transfer and effect on 
rate with varying acceptor and GSH concentrations.  (a) The rate of IscS:IscU 
mediated cluster transfer was monitored to Grx4Rho using fluorescence (red) or 
CD spectroscopy at 455 nm (blue).  Reactions contained 10 mM GSH, 100 µM 
Fe2+, 2 µM IscS, 10 µM IscU, 20 µM Grx4 (labeled or unlabeled), and 100 µM 
cysteine.  (b)  The CD spectrum at 265 minutes was subtracted from the spectrum 
at 0 minutes. (c) Fluorescence quenching was monitored for Grx4Rho.  GSH 
concentration used was 10 mM (cyan), 3 mM (red), or 1 mM (black). Reactions 
contained 100 µM Fe2+, 0.5 µM IscS, 5 µM IscU , 2 uM Grx4Rho, and 100 µM 
cysteine.  (d)  Cluster transfer rates were plotted as a function of apo-acceptor 
concentration for Grx4Rho.  The reactions contained 10 mM GSH, 100 uM Fe2+, 
100 nM IscS, 5 µM IscU, 100 µM cysteine and varying concentrations of apo-
acceptor.  The data was fit to a Michaelis-Menton equation (red). 
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455nm matches the rate of fluorescence decay observed with labeled protein (Figure 3-
3a).  Additionally, the difference CD spectrum at the conclusion of the reaction 
resembles that of a [2Fe-2S]-glutaredoxin (Figure 3-3b).   
In order to confirm that the observed quenching was due to enzymatic cluster 
assembly and not solution Fe-S chemistry, the reactions were repeated either in the 
presence of DTT or in the absence of IscU.  The presence of DTT greatly reduced the 
observed quenching (Figure 3-4).  Likewise, assays lacking IscU resulted in decreased, 
unstable quenching (Figure 3-5).  In order to further establish that the protein was not  
 
 
Figure 3-4.  Effect of DTT on cluster transfer to Grx4Rho.  Reactions contained 
100 µM Fe2+, 10mM GSH, 0.5 µM IscS, 5 µM IscU, 5 µM Grx4Rho, and 100 µM 
cysteine (blue).  Additional reactions were run with all of the previous 
components but also with 20 mM D,L-DTT (red).  The plotted data are the 
average of three runs.  The maximum error was 0.04. 
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associating with Fe-S mineral species that have been observed in other Fe-S assembly 
assays, a size exclusion column was run on a cluster transfer reaction to Grx4Rho after the 
fluorescence was fully quenched.  The results show clear conversion of monomeric 
Grx4Rho to dimeric Grx4Rho with almost no detectable aggregated material (Figure 3-6).  
In another experiment the dependence of fluorescence quenching on dimerization was 
assessed by varying the ratio of labeled to unlabeled Grx4, thereby perturbing the 
probability of homoFRET quenching (Figure 3-7).  Since no difference in quenching 
extent was observed at decreased ratios of fluorescent Grx4, the contribution due to 
homoFRET is likely minimal. 
Rate-limiting step of reaction is glutathione dependent cluster transfer.  We 
next sought to determine conditions where cluster transfer was rate limiting.  In order to 
do this, we varied the concentrations of GSH and apo-Grx4Rho.  The quenching rate of 
Grx4Rho was shown to depend on the concentration of GSH (Figure 3-3).  Decreasing the 
 
Figure 3-5.  Effect of IscU on cluster transfer to Grx4Rho.  Reactions contained 
10 mM GSH, 100 µM Fe2+, 0.5µM IscS, 5 µM Grx4Rho, and 100 µM cysteine.  
Some samples (green) contained 5 µM IscU as well, while others (red) did not.  
Grey bars represent one standard deviation (n=5). 
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concentration of GSH decreased the rate of fluorescence quenching.  GSH could 
function in cluster biosynthesis as an electron donor or in cluster transfer as a cluster 
ligand.  To address the functional role of GSH, the dependence of cluster transfer rate on 
the concentration of apo-acceptor protein was determined (Figure 3-3). The cluster 
transfer rate appears to increase with increasing acceptor concentration.  A fit to  
 
 
Figure 3-6.  Size exclusion chromatography of Grx4Rho before and after 
cluster transfer.  Size exclusion chromatography was run before (red) or after 
(blue) a cluster transfer reaction for Grx4Rho. 
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Michaelis-Menton kinetics gave an apparent Km of 50±10 µM and an apparent Vmax of 
0.19±0.03 µM cluster/min. Interestingly, holo-Grx4 appears unstable at concentrations 
of 2 µM or less (Figure 3-8).  This may reflect the physiological dimerization/cluster 
binding constant.  Based on these results, and since no function of an apo-acceptor 
protein in cluster biosynthesis is immediately obvious, we concluded that cluster transfer 
was the rate-limiting step and that GSH likely plays a functional role in this process. 
Grx4Rho directly transfers clusters to apo-Fdx and apo-HcaC.  We next 
investigated the ability of Grx4 to transfer clusters to Fdx and HcaC.  In order to 
determine the mechanism of cluster transfer from Grx4Rho to apo target proteins, the 
dependence of the transfer rate on the concentration of GSH and terminal acceptor 
 
 
 
Figure 3-7.  Fluorescence of Grx4Rho is sensitive to cluster and not 
dimerization.  A cluster transfer reaction was carried out with Grx4Rho similar to 
others where the Grx4Rho was 100% fluorescently labeled (red) or 10 % 
fluorescently labeled (blue). 
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protein was determined.  Holo-Grx4Rho was first produced by an overnight cluster 
transfer assay using IscS and IscU.  The quenched Grx4Rho reaction mixture was then 
diluted into wells containing varying concentrations of GSH, apo-Fdx, or apo-HcaC 
(Figure 3-9).  In the cases where no apo-acceptor protein was included, only very slow 
fluorescence recovery was observed, indicating that holo-Grx4Rho is stable upon dilution.   
 
 
 
Figure 3-8.  Quenching of Grx4Rho as a function of Grx4Rho concentration.  
Fluorescence quenching was monitored for a cluster transfer reaction from 
IscS:IscU to Grx4Rho. The reactions contained 10 mM GSH, 100 µM Fe2+, 100 
nM IscS, 5 µM IscU, 100 µM cysteine and varying concentrations of apo-
acceptor.  Concentrations of Grx4Rho were 1 µM (orange), 2 µM (purple), 6 µM 
(green), 15 µM (black), 30 µM (red), and 50 µM (cyan). 
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However, upon addition of apo-acceptor protein, the fluorescence began to increase, 
eventually approaching the fluorescence of apo-Grx4. The rate of the increase in 
fluorescence was shown to depend heavily on the concentration of apo-acceptor protein.  
 
 
Figure 3-9.  Cluster transfer from Grx4 to apo-acceptors is direct and not 
mediated by GSH.  Holo-Grx4Rho was produced and diluted into reactions 
containing various concentrations of GSH and varying concentrations of apo-Fdx 
or apo-HcaC.  (A)  Different GSH concentrations are compared in each panel; 
concentrations were 0.7 mM (black), 2 mM (green), 5 mM (red), and 10 mM 
(purple).  (B) Different apo protein concentrations were compared in each panel; 
concentrations used were 0 µM (black),  5 µM (red), 10 µM (purple), and 20 µM 
(green). 
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On the other hand, increasing concentrations of GSH appear to slow cluster transfer 
from Grx4. 
It is worth noting that the fluorescence of [2Fe-2S]-Grx4Rho didn’t fully recover 
in many cases.  The inability of lower concentrations of apo-acceptors to fully rescue the 
fluorescence indicates that an equilibrium may exist between Fdx/HcaC and Grx4 for 
binding clusters.  To test this, the four curves from the 10 mM GSH sample were fit to 
models for irreversible and reversible cluster transfer from Grx4 to either Fdx or HcaC.  
In both cases, the reversible model fit better, with Ktransfer values of 3.3 and 0.14 
respectively at 10 mM GSH (Table 3-1 and Figure 3-10). 
Apo-target proteins perturb cluster transfer to Grx4Rho.  In order to 
investigate whether Grx4 serves as an intermediate cluster carrier between IscU and apo-
target proteins, Grx4Rho was placed in a cluster assembly/transfer reaction along with  
Table 3-1.  Kinetic analysis of cluster transfer from [2Fe-2S]-Grx4Rho to 
apo-acceptors. 
 kdegrade 
(min-1) 
k2 
(uM-1min-1) 
k-2 
(uM-1min-1) 
RMS 
Error 
Fdxa 0.000156(9) 0.00166(3) n.d. 0.22 
Fdxb 0.000161(5) 0.00318(6) 0.00097(3) 0.13 
HcaC 0.000306(5) 0.00159(5) 0.0114(4) 0.11 
aModeled as an irreversible reaction.  bModeled as a reversible reaction. 
 
 73 
varying concentrations of the apo-terminal acceptor proteins Fdx or HcaC.  The 
fluorescence quenching behavior of Grx4Rho should be sensitive to both the cluster 
transfer rate from IscU to Grx4 as well as the transfer rate from Grx4 to terminal 
 
Figure 3-10.  Global fit analysis of Grx4Rho cluster transfer to apo-Fdx and 
apo-HcaC.  The data from Figure 3-11 was converted into concentration of holo-
Grx4Rho vs. time.  The data corresponds to samples containing varying 
concentrations of apo-HcaC (A) or apo-Fdx (B).  Concentrations of apo-target 
protein used were 0 µM (blue), 5 µM (red), 10 µM (purple), and 20 µM (orange).  
Green lines are simulations of the best kinetic fits from Table 3-1. 
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acceptor proteins, allowing us to evaluate the rates for all of these processes.  When apo-
Fdx was added into a reaction mixture with Grx4Rho, the time dependence of the 
fluorescence quenching was greatly perturbed (Figure 3-11).  At higher concentrations 
of apo-Fdx, an initial formation of [2Fe-2S]-Grx4Rho was observed, followed by a 
steady-state leveling that lessened as the apo-Fdx was depleted.  In the case of HcaC, 
rapid formation of [2Fe-2S]-Grx4Rho was observed followed by leveling off at different 
values that were dependent on the concentration of apo-HcaC (Figure 3-11). This 
behavior further supports the observation that Grx4 and HcaC exhibit equilibrium cluster 
binding.  It is also worth noting that in the majority of cases for reactions containing 
either Fdx or HcaC, the initial kinetics of [2Fe-2S]-Grx4Rho formation were unperturbed  
 
Figure 3-11.  Cluster transfer to Grx4Rho in the presence of apo-acceptor 
proteins.  Cluster transfer reactions contained 10 mM GSH, 100 uM Fe2+, 0.1 µM 
IscS, 5 µM IscU, varying concentrations of Grx4Rho, 100 µM cysteine, and either 
0 µM (black),  5 µM (red), 10 µM (blue), or 20 µM (cyan) apo-Fdx or apo-HcaC. 
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by the apo acceptor, suggesting that Grx4Rho is an early cluster transfer intermediate and 
hence successfully outcompetes apo-targets for IscU-bound cluster.   
Modeling Grx4 cluster transfer pathways.  The kinetic traces for cluster 
transfer to Grx4Rho in the presence of apo-Fdx or HcaC were used to model the cluster 
transfer pathway. The observation that the rate-limiting step of the reactions was cluster 
transfer rather than cluster synthesis allowed us to model the reactions starting with a 
fixed concentration of [2Fe-2S]-IscU, in most cases.  Additionally, fluorescence 
quenching data and results from other groups suggest that cluster transfer from IscU to 
either Grx4 or Fdx is irreversible, so all transfer steps from [2Fe-2S]-IscU were modeled 
as irreversible processes with only a forward rate constant(90, 92).  Furthermore, efforts 
to include Michaelis complexes for transfer reactions from [2Fe-2S]-IscU did not 
substantially improve the fitting and are not included (data not shown). 
 
 
Figure 3-12.  Reaction scheme for kinetic modeling.  The rate constants listed 
here correspond to the rate constants in Table 3-1 and Table 3-2. 
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Initial models contained only the linear transfer pathway from IscU to Grx4 to a 
terminal acceptor protein.  Additional models were also used that incorporated the ability  
 
 
 
Figure 3-13.   Global fit analysis of IscS:IscU cluster transfer to Grx4Rho in 
the presence of apo-Fdx or HcaC.   Data from Figure 3-13 was plotted again for 
reactions containing apo-Fdx (A) or apo-HcaC (B).  Green lines correspond to the 
best fit from Table 3-2.  (C) Objective value (sum of squares) is plotted vs. k3 for 
the reactions containing HcaC and Grx4Rho. 
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of IscU to donate a cluster directly to the terminal target protein (Figure 3-12).  In the 
case of Fdx, inclusion of a direct transfer pathway for cluster from IscU to Fdx improved 
the overall fit (Table 3-2).  Furthermore, limiting the amount of cluster in the model by 
including a cluster biosynthesis reaction further improved the fit (Table 3-2, Figure 3-
13).  Notably, inclusion of k3 and ksynth had only minor effects on k1 and k2.  The 
observation that k3 is ~2-4 fold less than k1 or k2 implies that cluster transfer to Fdx 
proceeds through a [2Fe-2S]-Grx4 intermediate. 
In the case of HcaC, the inclusion of a reversible transfer from [2Fe-2S]-Grx4 to 
HcaC produced a model that very closely approaches the observed data (Table 3-2 and 
Figure 3-13).  In this fit, k2 and k-2 were constrained to values from Table 3-1 since that 
 
 
 
Table 3-2.   Global fit parameters for Grx4Rho:Apo-Acceptor cluster transfer 
reactions. 
 ksynth 
(uM-1min-1) 
k1 
(uM-1min-1) 
k2 
(uM-1min-1) 
k-2 
(uM-1min-1) 
k3 
(uM-1min-1) 
RMS 
Error 
Fdxa n.d. 0.001286(5) 0.00115(1) n.d. 0.000238(7) 0.39 
Fdxb n.d. 0.001431(4) 0.00108(1) n.d. n.d. 0.43 
Fdxc 0.00130(4) 0.00154(1) 0.00108(1) n.d. 0.00037(1) 0.35 
Fdxd n.d. n.d. 0.000920(2) n.d. n.d. n.d. 
HcaC n.d. 0.001260(3) 0.0017(3)e 0.011(2)e n.d. 0.23 
aReaction was modeled with IscU to Fdx direct transfer pathway.  bReaction was 
modeled without IscU to Fdx direct transfer pathway. cReaction included a cluster 
synthesis step and limited amounts of cluster. dRate was determined from CD 
assay. eParameters were restrained near values derived from Table 3-1.  
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experiment was more sensitive to those rate constants and attempts to relieve the 
constraints resulted in unstable values.  Attempts at including a pathway from [2Fe-2S]-
IscU directly to HcaC, produced k3 values that converged on 0 and did not improve the 
fit (data not shown).  A scan of curve fit error vs. k3 shows that k3 is likely < 0.0001, 
which is an order of magnitude lower than k1 or k2 (Figure 3-13).  Thus cluster transfer 
to HcaC also appears to proceed via a [2Fe-2S]-Grx4 intermediate. 
CD data confirms Grx4 enhances cluster incorporation on Fdx.  The results 
from our fluorescence studies suggest that Grx4 acts as an intermediate cluster carrier by  
 
 
Figure 3-14. Time course of cluster transfer from cluster transfer from holo-
IscU to apo-Fdx via Grx4. Reaction includes 10µM IscU, 20µM Grx4, 40 µM 
apo-Fdx, 400µM Fe2+ and 100 µM cysteine and were initiated  by the addition of 
10mM GSH. Spectra after 0 (black), 60 (red), 120 (blue), 180 (light green), 240 
(cyan), 300 (orange) and 360 minutes (dark green) are shown. 
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kinetically enhancing cluster transfer to apo-target proteins.  We then sought to confirm 
this result with CD spectroscopy.  In order to overcome the difficulty of deconvoluting 
3-component spectra, the concentration of IscU and Grx4 were kept much lower than 
that of Fdx.  Thus, the majority of the signal change is due to cluster transfer to Fdx.  
The results clearly show that Grx4 enhances cluster accumulation on Fdx (Figure 3-14, 
3-15 and 3-16).  The final CD spectra most resemble that of holo-Fdx, consistent with 
our expected model (Figure 3-14 and 3-15). 
Discussion 
Iron-sulfur cluster biosynthesis and transfer are complex processes involving a 
network of numerous competing apo-target proteins and intermediate cluster carriers.  
 
 
Figure 3-15. Time course of cluster transfer from holo-IscU to apo-Fdx in 
absence of  Grx4. Reaction includes 10µM IscU, 40µM apo-Fdx, 400 µM Fe2+ 
and 100 µM cysteine and were initiated  by 10 mM GSH. Spectra after 0 (black), 
60 (red), 120 (blue), 180 (light green), 240 (cyan), 300 (orange) and 360 minutes 
(dark green) are shown. The spectra taken after overnight incubation shows fully 
reconstituted ferredoxin (brown). 
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Previous studies include DTT, a reagent that has been shown to artificially enhance 
cluster transfer reactions, thus calling into question conclusions based on kinetic 
measurements.  Here we demonstrate the ability of DTT to accelerate the physiological 
cluster transfer reaction between IscU and Fdx in the presence of Grx4.  These studies 
also suggested Grx4 may be enhancing cluster transfer to terminal targets even in the 
absence of DTT.  However, the CD spectra at intermediate time points were difficult to 
resolve, so we turned to our newly developed fluorescence assay. 
Fluorescent cluster binding proteins have been shown to report on cluster binding 
of a single protein in a reaction mixture, and should allow for the deconvolution of 
complex kinetic processes involving multiple cluster binding proteins.  The fluorescence 
of Grx4Rho, FdxRho, and HcaCRho have all previously been shown to be sensitive to  
 
 
 
 
Figure 3-16.  Fitting of  kinetic traces for cluster transfer to apo-Fdx  
monitored via CD.  The linear  region of cluster transfer from IscU to apo-Fdx in 
the presence (blue) and absence (red) of Grx4 is fitted for the calculation of 
relative rates. 
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cluster binding, suggesting that the method is generally applicable.  In order to 
demonstrate the ability of this assay to detect transiently bound iron-sulfur clusters, we 
first investigated Fe-S cluster assembly on IscURho.  The loss in fluorescence upon 
cysteine addition is consistent with cluster formation on IscU.  In the presence of apo-
target proteins, the quenching of IscURho was eventually fully rescued, indicating the 
targets were accepting cluster from [2Fe-2S]-IscURho.  This effect was greatest with 
Grx4 as the acceptor, with the data indicating rapid loss of cluster from IscU.  The 
observation that Grx4 more readily accepts clusters provides further evidence that it 
functions as a transfer intermediate.  The observation of greater quenching at 
intermediate time points for the reactions containing Fdx or HcaC may point formation 
of a transfer complex between the targets and IscU.  In all cases, the observation of 
transient cluster on IscU in a complete cluster assembly and transfer reaction further 
cements the function of IscU as an Fe-S cluster scaffold. 
In this paper, the fluorescence of Grx4Rho was shown to be sensitive to cluster 
derived from the native IscS:IscU complex with the aid of a native electron donor, GSH.  
Increased quenching was observed relative to previous chemical reconstitutions, 
suggesting that enzymatic cluster formation is more efficient and able to more fully 
reconstitute apo-target proteins.  Furthermore, the time course for cluster formation as 
measured by CD matches well with the fluorescence quenching curve, implying that 
Grx4 bound cluster is resulting in the signal change.  It is also worth noting that the 
observed spectra most clearly resembles that of [2Fe-2S]-Grx rather than the linear [3Fe-
4S] or [4Fe-4S] forms.  If either of those alternate forms of holo-Grx is physiologically 
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relevant, they must require additional factors to form.  Importantly, the quenching of 
Grx4Rho was not due to aggregation, which has been shown to be problematic, 
particularly in reactions containing DTT.  Additionally, the sensitivity of the quenching 
to IscU and DTT suggests that the observed transfer rate is not due to solution chemistry 
and that Grx4 is unable to act as an alternate scaffold. The signal instead reports on 
cluster transfer from IscU and/or the  IscS:IscU complex. 
 We next determined the mechanism of cluster transfer from IscU to Grx4Rho.  
The rate of cluster transfer was shown to depend on the concentration of GSH as well as 
that of the apo-target protein, implying that cluster transfer is rate-limiting in these 
combined cluster biosynthesis/transfer reactions.  The dependence on GSH could either 
indicate that cluster biosynthesis is partially rate limiting as well or could suggest a 
possible GSH chelated cluster intermediate species, as has been hypothesized to exist in 
vivo.  The Grx4 concentration dependence suggested Michalis-Menten behavior, though 
we were unable to reach saturation.  Interestingly, if we extrapolate the Grx4 curve to 
higher concentrations that have been used previously in the literature (45 µM cluster = 
90 µM Grx4), we get a rate of 0.13 µM cluster/min, which would correspond to a second 
order rate constant of 1.1 x 103 M-1 min-1.  This is in good agreement with the rate of 
cluster formation on Fdx in the presence of Grx4 that we derived from CD spectroscopy  
(Figure 3-16 and Table 3-2) of 920 M-1 min-1 (note:  the rate-limiting step should be 
IscU cluster transfer to Grx4 at these concentrations) and the rate of 1.3-1.5 x 103 M-1 
min-1 derived from our kinetic modeling (Table 3-2).   Notably this is much higher than 
values that have previously been determined in the absence of chaperones (30 M-1 min-1) 
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and even approaches the rate measured with chaperones (2 x 104 M-1 min-1).  This may 
indicate that the [2Fe-2S]-IscU dimer is not a relevant transfer species in a complete 
transfer reaction.  Alternatively, the differences may reflect differences in homologous 
proteins from different species, reaction conditions, or saturation of assays. More studies 
will be needed to fully address this discrepancy. 
 The ability of Grx4 to transfer clusters to apo-target proteins was then 
investigated.  The fluorescence signal of [2Fe-2S]-GrxRho increased rapidly in the 
presence of the apo-acceptor proteins Fdx and HcaC.  This indicates that Grx4 is capable 
of transferring clusters to these target proteins.  Importantly, this transfer reaction was 
shown to depend on the concentration of the acceptor protein and appears to be slowed 
by GSH.  This implies that the cluster transfer reaction from Grx4 involves nucleophilic 
attack by a residue from the apo-acceptor rather than proceeding through a GSH-cluster 
intermediate.  Additionally, it was revealed that Grx4 and HcaC appear to compete for 
clusters with Grx4 having a higher affinity for cluster.  This may suggest that Rieske 
proteins can act as a reservoir of iron-sulfur clusters in cases where iron-sulfur clusters 
become depleted. 
 Finally, combined cluster biosynthesis and transfer reactions were carried out 
with Grx4 and terminal apo acceptor proteins.  For the Grx4-Fdx reactions, Grx4Rho 
exhibited clear intermediate-like behavior.  The transfer reaction with Grx4 and HcaC, 
on the other hand, didn’t show very clear evidence for intermediate behavior of Grx4, 
but it again revealed the competition between Grx4 and HcaC for cluster.  Fitting of the 
kinetic traces showed that even when competing pathways for cluster transfer from IscU 
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directly to Fdx/HcaC were included in the model, these rate constants were significantly 
slower than transfer through Grx4.  This is in contrast to previous results that suggest 
that Grxs only act as intermediate carriers in the presence of chaperones.  Additionally, 
these results suggest that monothiol Grxs may be universal intermediate carriers by 
demonstrating their ability to carry clusters to multiple classes of iron-sulfur cluster 
targets.  
 These results demonstrate the utility of fluorescent probes in monitoring 
enzymatic cluster transfer reactions.  These tools provide direct evidence for the role of 
IscU as a scaffold protein and the monothiol glutaredoxin Grx4 as a universal 
intermediate cluster carrier.  We’ve also revealed the GSH dependence of cluster transfer 
from IscU and elucidated a direct cluster transfer mechanism from Grx4 to terminal 
target proteins.  By incorporating additional components such as Fdx/FdxR, HscA/HscB, 
and IscA, this assay will shed further light on the interplay of the complex web of cluster 
transfer reactions the roles of the numerous proteins in the pathway. 
Materials and methods 
Preparation of proteins and fluorescent labeling.  Grx4Rho and FdxRho were 
purified and fluorescently labeled as described previously (173).  IscURho was cloned 
into an intein fusion vector, purified, and fluorescently labeled the exact same way as 
Grx4Rho (Chapter 2).  IscS and IscU were purified as described previously.  Fdx was also 
purified as described previously (Chapter 2).  Grx4 and HcaC were cloned into a GFP 
expression vector and purified in a manner identical to Fdx (173).  Apo-proteins were 
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prepared by treatment with DTT and TCA, followed by washing with water and 
dissolving as described previously (Chapter 2). 
Cluster transfer assays from IscS:IscU.  Kinetic assays contained IscS, IscU, 
ferrous ammonium sulfate, GSH, fluorescent target protein, and L-cysteine.  Reactions 
were run in 50 mM HEPES, 150 mM KCl pH 7.2 at 25C(Buffer A).  Fluorescence 
intensity was monitored in a fluorescent plate reader containing in an anaerobic 
glovebox as described and corrected for the inner-filter effect (Chapter 2).  Fluorescence 
data was plotted as a ratio with a reference well that did not contain IscS or cysteine. 
CD spectroscopy.  CD spectra were recorded using a 1cm pathlength cuvette on 
an Applied Photophysics Chirascan CD spectrometer.  Cuvettes were sealed with a 
rubber septa and electrical tape in a glove box. 
CD cluster transfer assays from IscU to Fdx.  The assays were run in 50 mM 
HEPES, 150 mM KCl, 10mM MgCl2 pH 7.5 (Buffer B) and contained IscU, Grx4, IscS, 
apo-Fdx, cysteine, ferrous sulfate and GSH. 
Size-exclusion chromatography.  Reactions contained 10 mM GSH, 100 µM 
Fe2+, 5 µM IscS, 10 µM IscU, 10 µM FdxRho or Grx4Rho, and 100 µM cysteine.  A 
reference well contained all of the components except IscS and cysteine.  The reactions 
were run in 50 mM Tris, 150 mM KCl pH 7.2 at 25C until the fluorescence stopped 
quenching.  At that time, the sample was loaded on a Superdex 200 column (10 x 300 
mm) that had been equilibrated with 50 mM Tris, 150 mM KCl pH 7.2.  Fractions (1 ml) 
were collected and analyzed by fluorescence with an excitation wavelength of 550 nm 
and an emission wavelength of 600 nm. 
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Measuring dependence of cluster transfer rate on apo-target protein 
concentration.  Fluorescence quenching data was collected and data between 30 min 
and 75 min was isolated and fit to a linear equation.  The slope was converted to a rate of 
cluster transfer by assuming that the minimum observed fluorescence corresponded to 
100% cluster transfer and then scaling the fluorescence percentage based on the 
concentration of apo-fluorescent protein used. 
Cluster transfer assays from holo-Grx4Rho.  Holo-Grx4Rho was produced by 
mixing 100 µM Fe2+, 100 nM IscS, 5 µM IscU, 40 µM Grx4Rho, 10 mM GSH, and 100 
µM L-cysteine overnight.  The fluorescence quenching was monitored during this time.  
A reference sample lacking IscS and cysteine was also prepared at this time. 
 The following day, the reaction mixtures containing holo-Grx4Rho were diluted 
into mixtures containing varying concentrations of GSH and apo-Fdx or apo-HcaC (final 
concentration of Grx4Rho was 5 µM).  The fluorescence was recorded as done previously 
and plotted relative to a sample of diluted reference well containing an identical 
concentration of GSH. 
Kinetic modeling.  Copasi kinetic modeling software was used to fit the data 
using evolutionary programming with a population size of >100 and >300 generations.  
Initially, fluorescence data had to be converted into [[2Fe-2S]-(Grx4Rho)2].  This was 
done by assuming that the minimum fluorescence for the data set corresponded to 100% 
cluster transfer.  The fluorescence ratio was corrected by the following formula to give 
[[2Fe-2S]-(Grx4Rho)2]. 
 
 87 
[[2Fe-2S]-(Grx4Rho)2]t=(1-(FReaction/FRef)’t)/((1-min(FReaction/FRef)’)/[(Grx4Rho)2]) 
 
Kinetic data was modeled assuming a constant concentration of [2Fe-2S]-(IscU)2 except 
when otherwise stated.  Additionally, cluster transfer to glutaredoxin was modeled as 
being first order in glutaredoxin concentration.  The restraints for variables were 
adjusted as needed to give optimal fits, but in general were kept at least an order of 
magnitude away from the observed final rate constants.  Parameter scans were also 
carried out using Copasi, where one variable was systematically varied and the others 
were optimized using evolutionary programming.  The sum of squares (objective value) 
was obtained as a function of the variable that was varied. 
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CHAPTER IV 
INVESTIGATING THE ROLE OF THE DITHIOL GLUTAREDOXINS IN FE-S 
CLUSTER TRANSFER USING FLUORESCENT PROBES  
 
 Introduction 
 Iron-sulfur clusters are protein cofactors that play critical roles in electron 
transfer and redox processes in organisms throughout the kingdoms of life (1, 12-16).  
These clusters must be synthesized and inserted into apo proteins in a controlled manner 
in order to avoid production of toxic by-products or insoluble minerals (3, 41).  
Numerous proteins are involved in cluster biosynthesis and transfer, with four separate, 
but often intertwined, systems functioning in different organisms (47-50).  In numerous 
bacteria as well as in the mitochondria of eukaryotes, the ISC system is responsible for 
cluster biosynthesis (6, 159).  This system uses a cysteine desulfurase (IscS), a scaffold 
protein (IscU), and a ferredoxin to synthesize iron sulfur clusters (6, 59, 174).  These 
clusters are then transferred to apo target proteins with the aid of numerous other protein 
factors.  One of the key players in cluster transfer is the monothiol glutaredoxins (160, 
161).  A separate subfamily of the glutaredoxins, the dithiol glutaredoxins appears to be 
important for cellular resistance to toxins and ROS, but may be involved in cluster 
transfer as well (175-183). 
Glutaredoxins are mysterious proteins with a seemingly wide variety of 
functions.  They have been shown to function as electron donors, having the ability to 
reduce disulfides on proteins such as ribonucleotide reductase or reverse 
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glutathionylation (162-164).  Additionally, many glutaredoxins have been shown to bind 
to iron-sulfur clusters (Fe-S) in a homo-dimeric complex (107, 165-168).  Glutaredoxins  
(both monothiol and dithiol) have been shown to be able to donate their clusters to a 
variety of apo target proteins such as IscA and Fdx in in vitro experiments (92, 118, 
125).  Interestingly, cluster binding interferes with the ability of glutaredoxins to reduce 
disulfides, possibly indicating a regulatory mechanism (106).  Finally, the monothiol 
glutaredoxins can also form Fe-S containing heterodimers with BolA/Fra2, which 
appears to allow for specific targeting of the bound iron-sulfur cluster to regulatory 
proteins in the cell (25, 120, 121, 124, 171). 
 The exact function of the glutaredoxins is further complicated by their diversity.  
The glutaredoxins can be subdivided into two groups, the type I and type II 
glutaredoxins (184).  Traditionally the type I and type II glutaredoxins were referred to 
as dithiol and monothiol glutaredoxins respectively.  The names refer to the number of 
cysteine residues in the active site of the protein where disulfides are reduced and where 
the Fe-S cluster is bound.  The monothiol glutaredoxins typically have a CGFS motif 
whereas the dithiols exhibit a CP(Y/F)C motif (160).  Due to the dual cysteines, dithiol 
glutaredoxins are most efficient at disulfide reduction chemistry, whereas the monothiol 
glutaredoxins appear to primarily function in the reduction of glutathionylated proteins 
(67).  The first cysteine residue in each motif provides one ligand to the [2Fe-2S] cluster 
in the proteins’ holo states, and is also the redox active cysteine for the glutaredoxin’s 
reduction activity (67, 107, 165-168).  The other ligand is provided by a non-covalently 
bound glutathione (GSH) molecule.  Each monomer of the homo-dimeric complex 
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provides a single cysteine ligand and a GSH ligand, thereby completing the four ligands 
needed to ligate a [2Fe-2S] cluster. 
 While the monothiol glutaredoxins appear to function as intermediate cluster 
carriers for cluster biosynthesis and transfer, the function of the dithiol Grx’s remains 
much more mysterious. When dithiol Grx’s are depleted, the observed phenotypes 
include growth defects and sensitivity towards cell death inducers, particularly ROS 
(175-183).  Additionally, some studies have linked deficiencies in dithiol Grx’s to 
depleted iron-sulfur clusters (179).  In vitro studies suggest that dithiol Grx’s bind 
clusters more tightly than monothiol Grx’s (185).  Additionally, it has been 
demonstrated that oxidized glutathione, dithionite, and ascorbate can induce cluster loss 
from dithiol Grx’s leading to the hypothesis that reversible cluster binding may regulate 
the protein’s disulfide reduction chemistry (106).  Finally, a recent study showed that 
dithiol Grx’s can transfer a cluster to ferredoxin in the presence of DTT and revealed 
that GSH inhibits this transfer reaction (118).  It is worth noting that DTT has been 
shown to dramatically increase cluster transfer rates (Chapter 2).  These observations 
have led to the hypothesis that the dithiol glutaredoxins function as sensor molecules 
rather than as cluster transfer agents. 
 Here we utilize a newly developed fluorescence assay to investigate the ability of 
the ISC system in E. coli to build and transfer clusters to the dithiol glutaredoxins Grx1 
and Grx3.  We then probe the ability of these proteins to transfer their clusters to apo-
target proteins.  Finally, by carrying out assays using fluorescent dithiol glutaredoxins in 
the presence of apo monothiol Grx’s or other apo target proteins, we demonstrate the 
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ability both classes of Grx’s to function as intermediate cluster carriers and thereby 
develop a model for the function of the dithiol glutaredoxins in cells. 
 
Figure 4-1.  GSH dependence of cluster transfer to monothiol and dithiol 
glutaredoxins.  Reactions were carried out with Grx4Rho (A), Grx1Rho (B), or 
Grx3Rho (C) as the apo acceptors.  Reactions contained 20 mM (blue), 10 mM 
(red), or 2 mM (green) glutathione. 
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Results 
Dithiol glutaredoxins are sensitive to GSH concentration.  Iron-sulfur cluster 
biosynthesis and transfer reactions were carried out with IscS, IscU, ferrous iron, 
cysteine, and varying concentrations of glutathione.  The synthesized clusters were 
transferred to fluorescently labeled glutaredoxins that were labeled with a C-terminal 
sulforhodamine B.  The fluorescence was recorded and plotted as a ratio with a sample 
that did not contain IscS or cysteine.  The results are shown in Figure 4-1.  The E. coli 
monothiol glutaredoxin Grx4 showed an increasing rate of cluster transfer at increasing 
glutathione concentrations (Figure 4-1A).  Additionally, the extent of the fluorescence 
quenching varied with glutathione concentration.  When the glutathione concentration 
decreased from 20mM to 10mM, very little change was observed with slightly increased 
quenching being observed.  In contrast, the dithiol glutaredoxins, Grx1 and Grx3, 
showed substantially less quenching when the glutathione concentration decreased to 
10mM (Figure 4-1B and 4-1C).  Additionally, when the glutathione concentration 
decreased to 2mM, no significant quenching was observed.  In contrast, Grx4 still 
exhibited ~40% of the maximal quenching at 2mM GSH.  Finally, the rate of cluster 
transfer to the dithiol glutaredoxins was appears to be faster than transfer to Grx4 at 
20mM GSH.   
Dithiol glutaredoxins compete with monothiol glutaredoxins for cluster.  It is 
currently not known how the dithiol Grx’s get their clusters.  Many models present in the 
literature would suggest that they are dependent on the monothiol Grx’s for their cluster.  
Alternatively, they may lie on separate pathways and both accept cluster from IscU.  In 
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order to determine the interplay of the monothiol and dithiol Grx’s, a series of cluster 
biosynthesis and transfer reactions were carried out that contained both fluorescent 
Grx3Rho and unlabeled Grx4.  Rapid quenching of the fluorescence of Grx3Rho was 
observed in all cases (Figure 4-2A).  The extent of the fluorescence quenching decreased 
as a function of increasing Grx4.  Importantly, the quenching of a related glutaredoxin, 
 
Figure 4-2.  Competition between Grx3Rho and Grx4 for newly synthesized 
Fe-S cluster.  (A) Fluorescence of reactions mixtures containing 10 µM apo-
Grx3Rho and 0 µM (blue), 10 µM (red), 20 µM (green), or 40 µM (purple) apo-
Grx4.  Fluorescence ratio at the conclusion of the reactions was plotted as a 
function of Grx4 concentration and fit to a linear regression line (B).  The fit gave 
a K0.5 of 26 uM. 
 
 94 
Grx4, was shown to respond to cluster content and not to dimerization (Chapter 3).  As a 
result, we can interpret the decreased quenching as being a result of an equilibrium 
competition between Grx4 and Grx3Rho rather than due to loss of homoFRET quenching 
as a result of forming Grx3Rho-Grx4 heterodimers.  When the quenching extent is plotted 
as a function of Grx4 concentration, we find that a concentration of ~25µM decreases 
the quenching of 10µM Grx3Rho by approximately half (Figure 4-2B).  As a result, we 
can conclude that Grx3Rho has a higher affinity for cluster than Grx4, at least at 20mM 
GSH. 
 Additionally, the quenching behavior is consistent with cluster delivery to Grx3 
followed by transfer from Grx3 to Grx4.  In all but the 40 µM  Grx4 sample, the initial 
quenching rate was unchanged, consistent with Grx3 and Grx4 both having very high 
Km’s for holo-IscU or with Grx3 functioning as an intermediate carrier to Grx4.  At 
intermediate concentrations of Grx4, initial quenching of Grx3Rho was observed, 
consistent with it receiving a Fe-S cluster.  Importantly, no increase in cluster transfer 
rate to Grx3 was observed with increasing concentrations of Grx4.  At approximately 60 
minutes, the fluorescence increases, consistent with cluster loss from Grx3Rho.  The 
magnitude of this increase is more dramatic at 10 and 20 µM Grx4 than in the sample 
that didn’t contain Grx4.  As a result, it appears that this increase is dependent of Grx4, 
consistent with cluster transfer from Grx3Rho to Grx4. 
Dithiol glutaredoxins can transfer clusters to Fdx and HcaC.  At this point, 
holo labeled dithiol glutaredoxin was produced.  This material was then diluted into 
reaction mixtures containing varying concentrations of apo-Fdx or apo-HcaC.  Both 
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Grx3Rho and Grx1Rho exhibited significant cluster loss, even in the absence of an apo 
cluster acceptor.  However, the presence of an apo-acceptor protein increased the 
quenching rate (Figure 4-3).  Often, the initial kinetics of the fluorescence rescue were  
 
Figure 4-3.  Rescue of fluorescence quenching of dithiol glutaredoxins by Fdx 
and HcaC.  Rescue of fluorescence was initiated by addition of 5 µM holo 
Grx1Rho or Grx3Rho into a reaction mixture containing 0 µM (blue), 5 µM (red), 10 
µM (green), or 20 µM (purple) apo-Fdx or HcaC in the presence of 10 mM GSH 
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missing because they appear to have occurred prior to starting data collection.  It was 
also observed that the rescue of the fluorescence for holo-Grx3 appears to be enhanced 
for Fdx transfer relative to HcaC transfer.  Also, unlike the monothiol Grx’s, no apparent 
equilibrium was observed between either Grx1 or Grx3 and HcaC.  Intriguingly, the 
 
Figure 4-4.  Competition between Grx3Rho and Fdx for IscU bound cluster.  
Curves represent Fdx concentrations of 0 µM (black), 1 µM (blue), 2 µM (red), 5 
µM (pink), 10 µM (orange), and 20 µM (cyan). 
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rescue of the fluorescence did not seem to depend on either GSH concentration or on the 
concentration of the apo-acceptor protein. 
Grx3Rho and apo-target proteins compete for IscS:IscU derived Fe-S 
clusters.  Reactions were then carried out with Grx3Rho and varying concentrations of  
 
Figure 4-5.  Competition between Grx3Rho and HcaC for IscU bound cluster. 
Curves represent HcaCconcentrations of 0 µM (black), 1 µM (blue), 2 µM (red), 
5 µM (pink), 10 µM (orange), and 20 µM (cyan). 
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either apo-Fdx or apo-HcaC (Figures 4-4 and 4-5).  The kinetic data were then fit using a 
variety of global models (Figure 4-6), the results of which are shown (Figure 4-7, Table 
4-1).  In contrast to similar assays carried out for the monothiol Grxs, the initial kinetics 
of cluster transfer to Grx3Rho were dramatically perturbed by the presence of either apo-
Fdx or apo-HcaC.  This is most easily explained by competition between Grx3Rho and 
apo-acceptor proteins for IscU-bound cluster. 
In the cases where high concentrations of Fdx and GSH were used, the kinetic 
trace suggests that Grx3Rho may be able to act as an intermediate carrier.  The data 
shows an initial decrease in fluorescence that levels out for a time before again dropping.   
This is consistent with the formation of a nearly steady-state level of holo-Grx3Rho as 
the protein is both accepting and donating clusters in the assay.  At 10 mM GSH, 
however, this behavior was not observed.  In the case of HcaC, intermediate-type 
 
Figure 4-6.  Kinetic scheme for cluster transfer with dithiol Grx and 
Fdx/HcaC.  The reaction scheme depicts the different kinetic processes that were 
modeled in Table 4-1. 
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behavior was not observed; instead the presence of apo-target protein appears to simply 
inhibit cluster transfer to Grx3Rho. 
 To further investigate the possible models, kinetic modeling was used.  In the 
case of reactions containing Fdx, the kinetics fit poorly to a model in which Grx3Rho 
serves as an intermediate carrier to Fdx.  Inclusion of direct cluster transfer from IscU to 
Fdx failed to improve the fit, and the rate constant k3 converged on 0.   Next the data 
was fit to a model that allowed for Fdx to act as a competitive inhibitor of a Michaelis-
Menton-type transfer of cluster from IscU to Grx3Rho.  In this case Vmax and Km did not 
converge, suggesting that we have not reached saturation with Grx3.  However, this  
 
Table 4-1.  Fitting kinetic traces for Grx3Rho competition experiments with 
Fdx/HcaC 
  
 
Km 
 
 
Vm 
 
 
Ki (µM) 
 
k1 
(µM-1 min-1) 
 
k2 
(µM-1 min-1) 
 
k3 
(µM-1 min-1) 
 
RMS 
Error 
Fdxa n.d. n.d. n.d. 0.00385(4) 0.00081(2) 0.00000(2) 0.45 
Fdxb N/Ac N/Ac 1.93(6) n.d. 0.000292(8) 0.00000(1) 0.23 
aTraces were fit to competing 2nd order processes and allowed for transfer from holo-Grx3Rho to 
apo-target proteins.  bTraces were modeled as competitive inhibition of cluster transfer from IscU 
to Grx3 by apo-target protein that also allowed for transfer from holo-Grx3Rho to apo-target 
protein.  cData did not converge (error was greater than 100%). 
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model best fit the data and gave a Ki of 1.9 µM.  When k3 was included the rate constant 
again converged on 0.  However, k2 was non-zero, indicating that Grx3 can act as an 
intermediate carrier, although it must compete with Fdx for cluster.  The data for the 
samples containing HcaC showed similar changes in the initial rate of cluster transfer 
with increasing concentrations of apo-acceptor.  Our attempts at modeling the data failed 
 
Figure 4-7.  Global fit of Fdx:Grx3Rho competition data.  Black data points are 
calculated from measured fluorescence data.  Green lines are the best fit to a 
competitive inhibition model (Table 4-1) 
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to adequately reproduce the observed curves.  However, based on the similarities to the 
Fdx-containing data, it is likely that competition between HcaC and Grx3 for IscU-
bound cluster is a necessary component of the model. 
Discussion 
 The function of monothiol glutaredoxins vs. dithiol glutaredoxins is a matter of 
intense investigation in the iron-sulfur cluster biosynthesis field.  The observation that 
both types of glutaredoxins are capable of binding Fe-S clusters links both classes to 
cluster biosynthesis.  Whether the clusters bound to glutaredoxins function as transfer 
intermediates, cluster storage, sensors, or regulatory elements is a matter of debate.  To 
begin to address these different possibilities, kinetic analyses were carried out using 
fluorescently labeled dithiol glutaredoxins. 
 Initially, the dithiol glutaredoxins’ (Grx1 and Grx3) ability to accept an Fe-S 
cluster was compared to that of the monothiol glutaredoxin (Grx4) as a function of GSH 
concentration.  It was shown that the dithiol glutaredoxins appear to accept clusters 
quicker than Grx4, but the thermodynamics of their cluster binding was very dependent 
on GSH concentration.  This is consistent with the observed GSH inhibition of cluster 
transfer that has previously been observed for dithiol Grx’s.  Notably at 2mM GSH, 
almost no detectable binding of cluster was observed for either Grx1 or Grx3.  It is worth 
noting that cellular GSH concentrations are known to vary over a wide range, from 0.5-
14mM (186, 187).  Thus the apparent sensitivity of the dithiol glutaredoxins to low GSH 
concentration may be a part of a cellular redox sensing mechanism. 
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 Previous studies have implicated the monothiol glutaredoxins as being intimately 
involved in cluster biosynthesis, as they appear to function as intermediate cluster 
carriers to apo target proteins.  We next wanted to carry out cluster competition studies 
with Grx3Rho and Grx4 to determine if they are capable of transferring clusters between 
themselves, or if they simply compete for a common cluster source.  The kinetic traces 
showed that the initial rate of cluster transfer was not significantly different for Grx3Rho 
except in the case of 40 µM Grx4.  Additionally, an increase in fluorescence was 
observed at intermediate Grx4 concentrations, consistent with Grx3Rho transferring its 
cluster to Grx4.  Finally, the fluorescence leveled off at varying values that depended on 
the concentration of Grx4.  This is consistent with equilibrium cluster transfer between 
Grx3 and Grx4.  This equilibrium tends to favor binding to Grx3 at least at 20mM GSH.  
The dependence of this equilibrium on GSH concentration is a matter of future interest, 
since our GSH dependence studies suggest that Grx3 should loose cluster affinity more 
rapidly than Grx4.  Importantly, this result suggests that the dithiol glutaredoxins, under 
conditions of high GSH, may be able to act upstream of the monothiol glutaredoxins in 
cluster transfer. 
 The ability of Grx1 and Grx3 to transfer their clusters to other apo targets was 
also investigated.  Clusters on both Grx1 and Grx3 appear to be relatively unstable 
compared to Grx4 in the absence of any apo-acceptor.  However, the presence of the apo 
acceptor proteins HcaC and Fdx, dramatically increased the rate of cluster loss from the 
dithiol glutaredoxins.  Interestingly, this cluster loss didn’t appear to depend on acceptor 
concentration as was the case for Grx4.  Similarly, changes in GSH concentration had no 
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discernable effect.  This leads us to favor a model in which clusters bound to dithiol 
glutaredoxins are continuously being released and rebound.  Thus the mechanism of 
cluster transfer from dithiol glutaredoxins would resemble an SN1-like reaction.  It is 
worth noting that these results conflict with previous studies that showed significant 
inhibition of cluster transfer by GSH from dithiol glutaredoxins in the presence of  DTT.  
We hypothesize that the DTT may have artificially accelerated the transfer reaction and 
that the apparent slowing by GSH was simply due to a competition between the two 
ligands, which masked the underlying transfer in the presence of GSH alone. 
 Finally, cluster transfer experiments were carried out with fluorescent Grx3 and 
varying concentrations of apo acceptors.  The most notable difference between Grx3 and 
Grx4 was that the presence of apo acceptors affects the initial rate of cluster transfer to 
Grx3.  This is consistent with competition between Grx3 and the apo acceptor proteins 
for IscU-bound cluster.  Kinetic modeling of the data containing Fdx revealed strong 
competitive inhibition.  However, the model also showed that Grx3 was able to act as an 
intermediate carrier protein in the presence of Fdx and 20 mM GSH.  Lower 
concentrations of GSH produced curves that lacked obvious intermediate behavior.  
Similarly, the samples containing HcaC also lacked obvious intermediate behavior, but 
still showed evidence for competition between the terminal acceptor and Grx3.  
The observed data suggests that the dithiol glutaredoxins likely serve as sensor 
molecules and cluster storage proteins.  Low GSH concentrations favor apo-Grx1 and 
Grx3, and these proteins appear to be capable of transferring their Fe-S clusters at least 
at 2 mM and 10 mM GSH.  Grx3 only showed the ability to act as an intermediate 
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carrier at very high GSH concentrations, and was even then forced to compete with other 
proteins for IscU-bound cluster.  We hypothesize that only under very high GSH 
concentrations is cluster formation on Grx3 is favored relative to Grx4, allowing Grx3 to 
act as an intermediate carrier.  Under normal cellular conditions, the dithiol Grxs likely 
function as terminal acceptor proteins. 
Materials and methods 
Protein purification and fluorescent labeling.  IscS and IscU were purified as 
done before.  Grx4Rho, Grx4, Fdx, and HcaC were purified as described in Chapter 3.  
Grx1Rho and Grx3Rho were cloned into the intein vector, purified, and fluorescently 
labeled as done in Chapter 2 for Grx4Rho.  Apo protein was generated by DTT treatment 
followed by TCA precipitation, washing of the protein, and dissolving it as described in 
Chapter 2.  
Fluorescent kinetic assays.  Assays were carried out in a Tecan fluorescent plate 
reader contained in an anaerobic glovebox as described previously.  All reactions were 
run in 50 mM HEPES, 150 mM KCl pH 7.2 at 25C. 
GSH dependence of cluster transfer.  Clusters were transferred to 10 µM 
Grx1Rho, Grx3Rho, or Grx4Rho in reaction mixtures that contained varying concentrations 
of GSH, 100 µM Fe2+, 0.5 µM IscS, 5 µM IscU, and 100 µM L-cysteine.  The reactions 
were carried out in 50 mM HEPES, 150 mM KCl pH 7.2 at 25C.  Fluorescence was 
recorded as done previously and plotted as a ratio to a reference well that contained all 
of the reaction components except IscS and cysteine. 
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Competition between Grx3Rho and Grx4 for cluster.  Reactions were carried 
out with 10 µM Grx3Rho, 20 mM GSH, 100 µM Fe2+, 0.5 µM IscS, 0.5 µM IscU, and 
varying concentrations of apo-Grx4.  Reactions were initiated by the addition of 100 µM 
L-cysteine.  The fluorescence was compared to a reference well lacking IscS and 
cysteine. 
Transfer of cluster from Grx1Rho and Grx3Rho to apo-acceptor proteins.  
Holo Grx1Rho and Grx3Rho were produced by mixing 100 µM Fe2+, 10 mM GSH, 0.1 µM 
IscS, 5 µM IscU, 40 µM Grx1Rho or Grx3Rho, and 100 µM L-cysteine.  The following 
day, the reaction mixture was diluted (to 5 µM [Fluorescent Grx]) into a mixture 
containing a final concentration of either 2mM or 10 mM GSH with varying 
concentrations of either apo-Fdx or apo-HcaC.  As a reference, 40 µM Grx1Rho or Grx3 
rho were similarly treated in a mixture that didn’t contain IscS or cysteine.  The 
following day, these samples were diluted to 5 µM in a mixture containing either 2 mM 
or 10 mM GSH. 
Competition between Grx3Rho and apo-Fdx/apo-HcaC.  Varying 
concentrations of apo-target protein were incubated in assay mixtures containing 100 
µM Fe2+, 10 mM GSH, 1 µM IscS, 5 µM IscU, 5 µM Grx3Rho, and 100 µM cysteine.  
Reference wells didn’t contain IscS or cysteine. 
Kinetic modeling.  The y-axis of the kinetic traces was first converted from a 
fluorescence ratio to a concentration of holo-Grx3Rho.  This was done by assuming that 
the minimum fluorescence observed for Grx3Rho in Figure 1 represented 100% cluster 
transfer.  The magnitude of the fluorescence decrease was scaled to reflect the total 
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concentration of Grx3Rho in the reaction mixture.  Thus the magnitude of fluorescence 
decrease for the kinetic runs in Figure 4 could be converted to a concentration of holo-
Grx3Rho formed.  
 The kinetics were analyzed using Copasi software and fit to a variety of models 
as was done in Chapter 3. 
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CHAPTER V 
CONCLUSIONS 
 
 The studies presented here are aimed at developing new tools to probe the 
kinetics of Fe-S cluster assembly and transfer reactions.  We developed fluorescent 
labeling strategies that proved to be sensitive to Fe-S cluster binding.  By fusing either a 
BFP or a rhodamine label to a Fe-S cluster binding protein, the fluorescence was shown 
to quench upon cluster binding in all but one case.  Additionally, the sensors were shown 
to be relatively insensitive to other reagents or by products of Fe-S cluster assembly and 
transfer reactions.  Interestingly these same probes appear to also be sensitive to the 
binding of other metal ions such as Ni2+ and Cu2+.  It is tempting to hypothesize that 
fluorescently labeled proteins could be used for the in vitro study of other 
metallotrafficking processes.  Future directions could include incorporating rhodamine 
labels into the SCO proteins that are involved in copper trafficking in order to elucidate 
the kinetic and thermodynamic details of those transfer pathways. 
 Using a fluorescently labeled ferredoxin and mass spectrometry, we showed that 
iron-sulfur clusters can be swapped between ferredoxin proteins, but the process requires 
exogenous thiols.  DTT was particularly effective at catalyzing this reaction.  This 
observation is quite important to the study of metallocofactor trafficking and casts much 
of the results in the field in a new light.  Ferredoxin’s Fe-S cluster is both 
thermodynamically and kinetically stable.  However, the presence of DTT is able to 
greatly destabilize the cluster, causing formation of a putative DTT ligated [2Fe-2S] 
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intermediate that can be transferred between proteins.  Since the majority of cluster 
transfer reactions in the literature include DTT, the rates and conclusions of these papers 
need to be reinvestigated. 
 In the third chapter, we use this new assay to investigate the function of 
monothiol glutaredoxins in cluster transfer reactions.  Using a combination of 
fluorescence and CD spectroscopy, the ability of IscS and IscU to build and transfer Fe-
S clusters to ferredoxin and Grx4 was demonstrated in the absence of DTT.  
Additionally, holo-Grx4 was shown to transfer its clusters to HcaC or ferredoxin in a 
mechanism that depends on the concentration of apo acceptor and not on GSH.  This 
implies that cluster transfer from Grx4 is direct, without any intermediate solution GSH 
ligated cluster.  Additionally, it was demonstrated that HcaC and Grx4 are able to 
compete for cluster with Grx4 actually having a higher affinity, at least at 10 mM GSH.  
A potential future study would look at the dependence of the HcaC:Grx4 cluster 
equilibrium on GSH concentration. 
 Next, experiments were carried out in which newly synthesized clusters were 
allowed to transfer to either Grx4 or HcaC/Fdx.  These are the first studies to investigate 
the competition between Grx4 and other apo acceptor proteins for Fe-S clusters from 
IscU.  The results confirm that Grx4 has the ability to act as an intermediate cluster 
carrier with the rate constants for transfer to the apo-target protein that proceed through 
Grx4  being comparable or larger than the rate contants from IscU to the apo-target 
directly.  It is worth noting that the observed cluster transfer rates are greater than those 
that have been reported in the literature previously for cluster transfer from [2Fe-2S]-
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IscU to monothiol Grx.  This leads us to hypothesize that the holo-IscU dimer may not a 
functionally relevant transfer species in a complete reaction.  Comparative studies using 
the holo-IscU dimer carried out under identical reaction conditions will be required to 
fully resolve this question. 
 In the fourth chapter, we repeated many of the studies from chapter 3, using the 
E. coli dithiol glutaredoxins Grx1 and Grx3.  Cluster biosynthesis and transfer studies 
revealed that the ability of dithiol Grxs to accept cluster is much more sensitive to GSH 
concentration than the monothiol glutaredoxin, Grx4.  Both the kinetics and 
thermodynamics of cluster transfer were affected, with transfer being abolished at a GSH 
concentration of 2mM.  In another study, cluster transfer was carried out in a mixture of 
Grx3 and Grx4 at 20mM GSH.  Under these conditions, Grx3 accept a cluster faster than 
Grx4 and appears to outcompete Grx4 for clusters from IscU.  Intriguingly, an increase 
in fluorescence at intermediate time points is consistent with cluster transfer from Grx3 
to Grx4.  Furthermore, the apparent equilibrium of cluster binding between Grx3 and 
Grx4 suggests that Grx3 has a higher affinity for iron-sulfur cluster.  This is surprising 
since monothiol Grxs are thought to have more labile Fe-S clusters.  However this belief 
may be based more on differences in oxygen succeptibility rather than actual binding 
affinity. 
 Since Grx3 appears to be able to act upstream of Grx4, we hypothesized that it 
may also serve as an intermediate cluster carrier.  Cluster transfer from Grx3 to Fdx and 
HcaC was demonstrated using fluorescence.  Curiously, cluster bound to the dithiol Grx 
appears to be less stable, kinetically, than cluster on Grx4.  This could be due to a 
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number of factors including differences in GSH cluster stabilization or dimerization 
equillibria.  Finally, the dithiol Grx3 was incorporated into a transfer assay containing 
alternate apo-acceptor proteins, Fdx and HcaC.  These results that  Fdx and HcaC 
compete with Grx3 for IscU-bound cluster.  However, at high GSH concentrations, 
intermediate-type behavior was observed for reactions containing Grx3 and Fdx.  
Combined these results suggest that the dithiol Grx’s assemble clusters only under 
conditions when GSH concentrations are high.  They likely function primarily as cluster 
storage proteins rather than as intermediate carriers due to significant competition with 
Fdx and HcaC for IscU bound cluster. 
 These studies demonstrate the utility of fluorescence to probe the kinetics of 
cluster transfer processes.  This technique enables the investigation of these processes in 
a high-throughput manner at concentrations that were previously unattainable.  By 
combining the ability of fluorescence to monitor the kinetics of cluster transfer with the 
ability of CD spectroscopy to confirm the details of cluster species, we hope to greatly 
broaden the understanding of Fe-S cluster metabolism.  Future studies that incorporate 
the electron donor Fdx/FdxR will allow for the investigation of the effect of cluster 
reduction on transfer.  Adding the chaperone proteins HscA and HscB will allow us to 
ascertain their function and determine which subsets of proteins require them for 
effective cluster transfer.  Also, by adding in components such as frataxin or IscA, we 
hope to determine whether they are capable of accelerating cluster transfer or leading to 
the formation of [4Fe-4S] clusters respectively.  Finally, by incorporating fluorophores 
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into these molecules and utilizing FRET and/or fluorescence anisotropy, the dynamics of 
complex assembly and disassembly will be resolved and understood. 
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